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Tntroduction

This final report is for the ContracL F30602-81-C-0193, with Task Title and Description

"External Cavity Coherent Transmitter Module" and funded through RADC/DCLW, Griffiss Air

Force Base. The objective of this effort was to study, design and test an external cavity based

coherent optical transmitter module for use in coherent fiber optic systems. The approach specified

in the contract was as follows: Conduct theoretical and detailed implementation analysis of the

various architectures of external cavity based coherent optical transmitters. Perform sensitivity and

comparative analysis for the various architectures of external cavity based coherent optical

transmitters. Provide detailed design recommendations for the external cavity coherent transmitter

modules appropriate to the various coherent modulation schemes. Fabricate and test one coherent

transmitter module.

There were 14 specific tasks that were specified in the contract and these are listed below so

that convenient reference can be made to them while studying the report:

Task 1.

Conduct tasks 2 through 8 below for distributed feedback lasers (DFB) and separately for

Fabry-Perot (FP) lasers.

Task 2.

Analyze performance of external cavity based coherent optical transmitters with strong

frequency selective feedback.

Task 3.

Characterize linewidth and tunability aspects of external cavity based coherent optical

transmitters.

Task 4.

Identify and characterize critical parameters upon which the linewidth and tunability

depends, suLh as: facet reflectivity, feedback ratio, detuning angle, and external cavity

length.
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[ask 5.

Investigate the comparative performance of bulk and fiber diffraction gratings.

rask 6.

Identify design features of the best coherent transmitter module based upon the results of

task 5.

Uask 7.

Based on the above tasks, identify critical parameter combinations of the coherent transmitter

modules that can support the various coherent modulation schemes.

'ask 8.

Develop theoretical models to characterize the stability of linewidth and output frequency of

the coherent transmitter modules as a function of environmental parameters such as

temperature and pressure.

Task 9.

Develop detailed comparisons between the results of tasks 2-8 for distributed feedback

lasers and Fabry-Perot lasers.

Task 10.

Identify detailed designs of distributed feedback or Fabry-Perot laser based external cavity

coherent transmitter modules most appropriate for use with the various coherent modulation

schemes. Provide rationale for design selection.

Task 11.

Evaluate the impact of the use of high power Fabry-Perot lasers on coherent transmitter

linewidth and integrate results into tasks 8, 9 and 10.

Task 12.

Identify and perform key parameter experimental evaluations towards substantiating the

basis for the rationale for the detailed designs identified in task 10.
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Task 13.

Based on the above tasks, recommend, fabricate and test one model of a external cavity

based coherent transmitter module.

Task 14.

Compare test results for the module developed under task 13 to the projected results of

earlier tasks.

We shall report on each task in sequence as specified above. Tasks 2 through 8 for DFB

lasers will be reported on first, and these are labelled as Tasks 2A through 8A. Similarly Tasks

2B to 8B are labelled for FP lasers, and are dealt with next; finally Tasks 9-14 are reported on.

The contents pages contain the exact page numbers where each of these Tasks can be found. The

references are at the end of the report, after Task 14. Following the references are five

manuscripts which contain the many relevant details of the work that was performed in this

contract. These will be sent for publication in appropriate journals in the lightwave technology

area. Following this is a small appendix. The importance of external cavity lasers for coherent

lightwave systems is discussed in considerable detail in the introduction of these manuscripts, and

hence will not be repeated here. Each individual task will commence on a new page so that it is

easy to identify it.

Before getting into the .details of each task, we give an overview of external cavity

semiconductor lasers for C.herent Fiber _QpticalCommunication v.ystems, which has been

abbreviated to COFOCS throughout-this report. The two solitary active laser structures

considered are distributed feedback (DFB) and Fabry-Perot (FP). To build an external cavity,

these are combined with one or more of the following external elements: a highly reflective

mirror, a graded-index (GRIN) rod lens, a bulk diffraction grating or a fiber diffraction grating.

Various design parameters of this external cavity can be varied so that the desired output

characteristics from the coherent module ,.an be obtained. The design parameters are as follows:

reflectivity of the two facets of the solitary laser, the feedback ratio from the external cavity, the

solitary laser length, the external cavity length, the detuning angle which determines the shift of
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the laser modes from the external cavity modes, and the spectral bandwidth of the light that is fed

back into the solitary laser. The spectral bandwidth of the light depends on the external element

and for the bulk diffraction grating, it decreases as the number of lines per mm increases. Various

output characteristics are of importance and the study of these give insight into the performance of

the coherent external cavity semiconductor laser. These are: the threshold current; the output

power at a current above threshold; the spectral linewidth and its stability; fine, medium and

coarse frequency tunability and the stability of the center frequency, amplitude stability, noise

considerations, optical isolation etc. A summary of these above comments is provided in fig. 1,

which is a block diagram showing the interplay of the solitary laser, external element, design

parameters and the output characteristics.

6



EXTERNAL ELEMENT

SOLITARY LASER
MIRROR

DFB, FP GRADED-INDEX ROD LENS
BULK DIFFRACTION GRATING
FIBER DIFFRACTION GRATING

DESIGN PARAMETERS

REFLECTIVITY OF THE FACETS
FEEDBACK RATIO
SOLITARY LASER LENGTH
EXTERNAL CAVITY LENGTH
DETUNING ANGLE
FEEDBACK BANDWIDTH

OUTPUT CHARACTERISTICS

THRESHOLD CURRENT
OUTPUT POWER VS. CURRENT
LINEWIDTH
FREQUENCY TUNABILITY
FREQUENCY STABILITY
AMPLITUDE STABILITY
NOISE CONSIDERATIONS
OPTICAL ISOLATION

I Block diagram to show the interplay of the solitary laser, the external element, the

design parameters and the output characteristics.
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Task 2A:

(DFB Lasers) Analyze the performance of external cavity based coherent optical transmitter

with strong frequency selective feedback.

For this analysis we performed a literature search and references 1 through 14 were

studied. We have only considered strong feedback as in the task stipulation (Some work has also

been done with weak feedback.) Frequency selective feedback is not relevant for DFB-ECSL

(Distributed Feedback-External Cavity Semiconductor Lasers) as the single longitudinal mode

frequency is determined by the diffraction grating which is etched into the solitary DFB structure

during fabrication. Frequency selective feedback is more relevant with FP lasers as will be shown

in Task 2B.

There are three basic external cavity structures which have been built with DFB solitary

laser. They are:

I. DFB Laser + External Mirror Cavity (MC)

2. DFB Laser + Graded-index (GRIN) Rod Lens (GRECC)

3. DFB Laser + External Cavity with a single-mode optical fiber i.e. a fiber external

cavity.

We now analyze the performance of each of the above three DFB-ECSL. This will be done

by considering the following:

(i) Optical Schematic Diagram

(ii) Advantages and Disadvantages

(iii) The Design Features

(iv) The Output Characteristics

I. DFB Laser and External Mirror Cavity

The optical schematic diagram of this first external cavity is shown in fig. 2. The

advantages of this structure are as follows:

(i) No intracavity mode selection elements are used and the cavity is very simple;

8



DFB LASER AND EXTERNAL MIRROR CAVITY

40 xO065 N A
mfcroscape

DFS oserobjective

output 4

RI.L 1 AR cocting(R2)

IF i-,.2: DFB Laser and External Mirror Cavity

L: Solitarv Laser Len-th

LC.X: External Cavit-, Length

R 1: Output facet reflectivity

R,: AR coated facet

F,: Reflectivity of Mirror
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(ii) Wavel, igth and single-frequency selection is determined by the grating in the

solitary DFB laser;

(iii) Tunability characteristics are similar to the solitary DFB laser;

(iv) The laser is immune to external optical pertubatioris as the feedback is strong.

The disadvantages of this structure are:

(i) One laser facet needs anti-reflection coating;

(ii) Air path does not give a compact cavity and can cause changes in external cavity

length;

(iii) Microscope objective coupling lens is bulky.

The design features of two DFB-ECSL with external mirror cavities are summarized in

Table I, and the output characteristics of one of them (first one) is summarized in Table Ii. From

these tables it is clear that the external cavities are fairly long, 10-18 cm, and hence not very

compact. The linewidths are fairly narrow, 40 kHz, due to the long cavity lengths and the output

power is 2.2 mW but this is not coupled into a single-mode fiber. Also, the side mode supression

ratio of the satellite longitudinal mode is only -26 dB (30-40 dB is desirable for COFOCS). Due to

its disadvantages, this structure has not been widely researched; the two DFB-ECSL to be

described below have been.

II DFB Laser and GRIN Rod External Cavity

The schematic diagram, not to scale, for this structure is shown in fig. 3. The components

are mounted on a Peltier thermo-electric cooler to control the temperature of the laser. This is

important for frequency stability; indeed changing the temperature and current are means of tuning

the frequenc) of the laser. From Table IV, it can be seen that tuning of up to 2 GHz can be

obtained for every mA of current.

The advantages of the DFB-ECSL with GRIN rod external cavity are as follows:

(i) Compact size of -4 mm as the lei.gth of the rod lens is very small;

10



Table 1: Design features of two DFB-ECSL vith external mirror

cavities

Design AT & T AT & T
Parameter Labs. Labs

LASER VAPOR PHASE DOUBLE-CHANNEL PLANAR
STRUCTURE TRANSPORT (VPT) BURIED-HETERO-

STRUCTURE (DCPBH)

SOLITARY
LENGTH 250 im 250 iim

DFB GRATINGS SECOND ORDER SECOND ORDER

R
2

REFLECTIVITY 3-5% 1%

POWER* FEEDBACK
INTO LASER (R3 ) 16% 4%

EXTERNAL CAVITY
LENGTH 18 CM 10 CM

* FROM FACET F-2, THROUGH LENS, REFLECTED OFF MIRROR,

THROUGH LENS AND COUPLED BACK INTO FACET F2.
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Table 11: Output characteristics of DFB-ECSL with external mirror

cavity

OUTPUT AT & T
PARAMETER LABS

POWER LINEWIDTH

PRODUCT 88 kHz. mW

OUTPUT POWER 2.2 mW

LINEWIDTH 40 kHz

SIDE MODE
SUPRESSION RATIO -26dB (x400)

TUNABILITY 1.7 GHz/mA, 20 GHz/°C
(DFB LASER)
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DFB LASER & GRIN ROD EXTERNAL CAVITY
R2R,

AR
cGold 

coating

11(0 23P graded index
rod Iens

OFB laser
t**F -  F2

Lez

Peltier thermocooler

Ejg..3: DFB Laser and Grin Rod External Cavity

R1 : Reflectivity of output facet (32%)

R,: AR Coated facet of laser

L: Solitary laser length

LQ.(: External cavity length

F1: AR coated facet of GRIN Rod lens

F,: High reflectivity facet of GRIN Rod lens
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(ii) Linewidth is reduced by x 20 from the solitary DFB laser linewidth and a few MHz

is easily possible;

(iii) Wavelength and single frequency selection are determined by the DFB solitary

laser,

(iv) Tunability is similar to the solitary DFB laser as the external cavity has no

frequency selective component;

(v) Laser is immune to external optical pertubations as we have strong feedback.

The disadvantages of this structure are:

(i) the grin-rod lens needs anti-reflection coating on the facet nearer to the laser and a

high-reflectivity coating on the other facet;

(ii) We must use a high quality DFB laser to be of practical use; prefer spectral

linewidth of the solitary laser to be < 35 MiHz;

(iii) Precision longitudinal movement of lens is needed to be tune the cavity length for

phase-matched condition.

From the design features of this DFB-ECSL in Table III, it can be seen that the solitary

laser lengths are relatively long (400 mm and 500 mm) so that spectral linewidths of < 35 MHz can

be obtained. Due to the short external cavity of - 4 mm, the output linewidth, as seen in Table IV

is a few MHz for a few mW of output power. The normalized power.linewidth product is ~ 2-4

MI-Iz.mW. This is abundantly adequate for many COFOCS as will be discussed in later tasks.

From Table IV, we can also notice that the side-mode supression ratio is very good indeed, - 38.5

dB.

A compact module having this structure was designed and built by Bellcore and is

illustrated in fig. 4. It's principal features are summarized below:

(i) DFB laser source;

(ii) 2 graded-index rod lenses used, one for collimating and the other for refecting;

(iii) piezo-electric crystal for fine longitudinal movements to obtain in-phase feedback

conditior;

14



Table III

Design features of two DFB laser and GRIN rod

external cavities (Reported by Bell Core)

DESIGN BELL BELL
PARAMETER CORE CORE

LASER
STRUCTURE BH BH

SOLITARY

LASER LENGTH 400 gm 550 gm

DFB GRATING FIRST ORDER FIRST ORDER

R2  (*) (*)

POWER FEEDBACK
INTO LASER (R3 ) 4% (-13.9dB) 10% (-10dB)

EXTERNAL CAVITY
LENGTH 4 mm 4 mm

(*) Not specified; has to be <5% for good coupling and

side mode reiection ratio.
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Table IV

Output Characteristics of the two DFB Lasers and GRIN

Rod External Cavities Specified in Table III

OUTPUT BELL BELL
PARAMETERS CORE CORE

POWER LINEWIDTH

PRODUCT 3.75 MHz'm W 2 MHz'mW

OUTPUT POWER 2.5 mW 1 mW

LINEWIDTH 1.5 MHz 2 MHz

SIDE MODE
SUPRESSION RATIO 38.5dB (x7000)*

TUNABILITY 2 GHz/mA 200 MHz/mA
(at 1.2 GHz

modulation)

* quoted for solitary DFB laser
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COHERENT TRANSMITTER PACKAGED MODULE

(DFB + GRIN ROD)
Optical Tube Rocker Sets

rnsort

onetaa

Coiirrraung Reflectkrg
Grin-ro Grlr~od

H2 4: Commercial DFB-ECSL module built by Bellcore (Ref. 4)

using GRIN-ROD lens.
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(iv) milli-Kelvin temperature control element

(v) microwave bias board

(vi) all the components are enclosed in 1 cubic inch enclosure, which is thermally

insulated.

This module was used in 565 Mbit/s FSK system, and has a linewidth minimum of 1.3

MHz. The short term frequency stability is ± 10 MHz. There is a 20-50 times linewidth reduction

compared to theoretical value of 100. A flat frequency response (modulated by current) of - 1.1

GHz was obtained.

III DFB Laser and Single-mode Fiber External Cavity

The schematic diagram, not to scale, for this structure is shown in fig. 5. The components

are again mounted on a Peltier thermo-electric cooler to control the temperature of the laser. The

reasons for this have already been discussed in structure II above.

The advantages of this DFB-ECSL with single-mode fiber external cavity are as follows:

(i) a simple cavity extended with an optical fiber;

(ii) wavelength and single frequency selection are determined by the DFB solitary laser

selection;

(iii) tunability characteristics are similar to the solitary DFB laser;,

(iv) the laser is immune to external optical pertubations due to strong feedback;

(v) ~ 1000-fold reduction in linewidth, from the solitary DFB laser, is possible.

The disadvantages of this structure are as follows:

(i) the fiber feedback facet (F2) must be perpendicular to the fiber axis to within 1%;

(ii) R2 facet reflectivity of < 1% is needed for the best results.

From the design features of this DFB-ECSL in Table V, it can be seen that the solitary laser

length is relatively short, 250 mm and the external cavity length is 5.5 cm, or an order of

magnitude greater than the DFB-ECSL with GRIN rod lens discussed in II above. This is why the

18



DFB LASER & FIBER EXTERNAL CAVITY
<1% AR COATING( R ) Au

DFB FIBER LENS(Fi ) MIRROR F 2 )

LIGHT LASER SINGLE-MODE FIBER

ouT PUT>
4

R,

FJ 5 DFB Laser and Single-mode Fiber External Cavity

Rl: Reflectivity of output facet (32%)

R-,: AR coated facet (<1% reflectivity)

LS: Solitary laser length

Lox: External cavity length

F1: Tapered facet of single-mode fiber
F1: Feedback facet of single-mode fiber with high reflectivity
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Table V: Design features of a DFB-ECSL with
Single-Mode Fiber External Cavity
(Reported by AT & T Bell Labs.)

DESIGN
PARAMETER AT & T

DOUBLE-CHANNEL
PLANAR BURIED

LASER HETEROSTRUCTURE
STRUCTURE (DCPBH)

SOLITARY LASER
LENGTH 250gm

DFB GRATING SECOND ORDER

R2  <1%

POWER FEEDBACK
INTO LASER (R3 ) -9dB

EXTERNAL CAVITY
LENGTH 5.5cm

20



spectral linewidth obtained is - 70 kHz, as summarized in Table VI, in the output characteristics.

Hence this structure can be used, as the transmitter laser, with any modulation format in a

COFOCS, and at any bit rate. The side-mode supression ratio is also acceptable at - 31 dB.

A compact module having this structure was designed and built by Fujitsu Labs., and is

illustrated in fig. 6. It's principal features are summarized below:

(i) 1.55 .tm InGaAsP DFB laser source was used;

(ii) two optical isolators were used to ensure good stability;

(iii) 5 cm long single-mode fiber was used; with one end hemispherically tapered and

the other end having a high reflective coating;

(iv) Piezoelectric translator (PZT) was used for in-phase condition;

(v) Peltier thermo cooler and temperature controller were used for frequency stability;

(vi) the module size was 26 mm x 29 mm x 95 mm including the thermal insulator.

The module was used in a 1.2 G bitls DPSK system over 190 kn. A 70 kHz linewidth for

in-phase condition was obtained. The frequency stability, between 2 modules was 50 MI-Iz in an

office environment.
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Table VI: Output characteristics of DFB-ECSL with
Fiber External Cavity

OUTPUT AT & T
PARAMETER LABS

POWER LINEWIDTH
PRODUCT 70 kHz'm W

OUTPUT POWER 1mW

LINEWIDTH 70 kHz

SIDE MODE
SUPRESSION RATIO -31dB (xl000)

TUNABILITY SAME AS
ORIGINAL DFB
LASER

22



COHERENT TRANSMITTER PACKAGED MODULE

(DFB + FIBER CAVITY)
~- ,I 2VrTY I

(S' F,-ER) 2 - L..) LEIS 1SOLATORS

-. C:', E CT .7ER THERMAL

;EZ7MICHENSOR INSULATOR

Fig. 6: Commerical DFB-ECSL module built by

Fujitsu Labs. (Ref. 7) using single-mode

fiber external cavity
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Task 3A: Characterize linewidth and tLnability aspects of DFB laser based external cavity

coherent optical modules.

Task 4A: Identify and charaterize the critical parameters upon which the linewidth and

tunability depends, such as: facet reflectivity, feedback ratio, detuning angle, and external cavity

lengtii.

It can be seen that the above two tasks are related to the linewidth and tunability aspects and hence

have been lumped together. Some discussion will be provided here. Further details are available

in L,-e two manuscripts enclosed at the end of this report.

(i) Manuscript I on "Tunability Aspects of DFB External Cavity Lasers"

(ii) Manuscript 2 on "Linewidth C, ,siderations for DFB External Cavity Lasers"

LINEWIDTH CONSIDERATIONS

From a review of the literature and the discussion already made in Task 2A, the linewidth

achievable from a DFB solitary laser is in the range 7 to 100 MiHz, with output powers in the 1-5

mW range. By incorporating the laser in an external cavity, the inewidth can be reduced

substantially, as we have seen in Task 2A, to betweeen 70 kHz and 2 MHz. The dependence of

the theoretical linewidth of a solitary DFB laser, on various parameters, is shown in Table VII. To

illustrate a typical numerical example, a typical linewidth of 69 MIHz is obtained, and is shown in

Table VIII. Typical parameters have been used, such as length of laser = 300 im: output power of

I mW, linewidth enhancement factor of 5.4. The normalized linewidth -power product is 69

MI-z.mW. From Table VII it can be seen that the linewidth is inversely proportional to the output

power and cavity length. Confirmation of this can be seen in fig. 7; the -esults were obtained by
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TABLE VII

The dependence of the theoretical linevidth (A-u) of a solitary DFB

laser

Ai =

nsp = ratio of spontaneous and stimulated

emission = e 'KID ( - e

Vg = group velocity

hu = photon energy

ev = bandgap energy

k = Boltzmann's constant

T = Absolute Temperature (9 r) IiV'

a = linewidth enhancement factor = )
g = gain in active region

F = normalized end loss

P = output power

L = laser cavity length

25



TABLE VIII

A Numerical example to illustrate the typical linewidth of a DFB

solitary laser

4F-

Using L= 300 m ;P= 1 mW

-K = 150 cm "1 ; h-2 = 1.42 ev

Vg = c/4.33 ; g= 61.3 cm 1

nsp = 2.7 ; =5.4 (3-10)

Atu = 69 MHZ

Linewidth-Power Product = 69 MHz'mW

26



Linewidth

80 275pim chip

70

AV 60h
MHz 50o

40 5501im chip

30
20 I
10~

0.2 0.5 1 2
I1PO inW)

Reciprocal output power

Fig, 7: Variation of the linewidth as a function

of reciprocal output power for two different

Lengths solitary DFB laser chips (After Ref. 5)
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Research Labs. (Ref. 5). In this figure linewidth is plotted versus inverse power for two solitary

laser lengths. Further discussion on this figure is as follows:

(i) Ai) was measured with a delayed self-heterodyne technique, which is well-known

and widely used in the industry;

(ii) for L = 275 tm, Aumin = 30 MHz;

(iii) for L = 550 .m, Aumin = 7-10 MHz;

(iv) output powers of 1-5 mW can be obtained;

(v) Au rebroadening at higher powers may be due to mode competition between two

DFB laser modes.

(vi) there is a limit on A' reduction and increase in the coupling coefficient.

The equation for spectral linewidth (Au) in an external cavity DFB laser is given by

Al)= AUs/ (I + IrY 3

where Au is the original linewidth of the solitary laser; t is the round trip time with the external

resonator; y is the damping constant of the main resonator; R3 is the power feedback . The round

trip time with the external resonator is given by t = (2 nLex/c) where n is the refractive index of the

external cavity; Lex is the length of the external cavity and c is the speed of light

From Figs. 8 thru 11 we can see the results of varying the different parameters. The damping

constant y influences the linewidth of the DFB-ECSL structure, inversely by the quantity squared.

However, this is misleading, since the original linewidth is also dependent on y. By providing a

better DFB laser source, the linewidth of the DFB-ECSL is superior by a factor greater than y -2.

The next most important parameter is the effective length of the external cavity. The effective

length, which is defined as the index of refraction of the external cavity medium times the length of

the medium, reduces the linewidth by a factor of L-2eff. This can be seen by comparing and
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1.00 .65 4'. 30 5. 95 7.60 9.25 10.90

EXTERNAL AIR CAVITY LENGTH, cm.

Fig. 8: Linewidth reduction ratio in DFB-ECSL as a function of external
air cavity length for different values of y, the damping
constant. (R3 = 0.125; n = 1.0)
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Fig. 9: Linewidth reduction ratio in DFB-ECSL as a function of external
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feedback. (y =1.69 x 1011 S-i; n =1.0)
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feedback. (7 1.69 x 1011 S-1; n = 1.0)
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contrasting figures 8 and 9 with figures 10 and 11. The only parameter that is changed in the

figures is the refractive index which corresponds to 1.0 and 1.5.

The last and least important parameter which affects the linewidth reduction ratio is the feedback

level. The total feedback level is limited by the coupling losses, external cavity losses, and the

reflection facet of the extenal cavity. The effect of changing the feedback can be seen in figures 9

and 11. One can see that the higher the feedback ratio the greater is the inewidth reduction.

R1 is the reflectivity of the output facet and R2 that of the other facet adjacent to the external cavity.

Because of the need for strong coupling, R2, must have a small value; the requirement that R1 must

remain about 32%, for Fabry-Perot modes to be set-up between the external cavity and the output

facet of the DFB laser, then R2 must be less than 5%. This 5% is the minimum requiremnt for the

side mode supression ratio (SMSR) of about 30 dB. Ideally R2 should be as low as possible for

two basic reasons:

(i) The first is coupling. Coupling between the DFB laser and external cavity should

be as high as possible to increase the linewidth reduction ratio.

(ii) The second reason is from the consideration of the side modes. If R2 is greater

than 5% these side modes become more pronounced. To limit this, and hence to get at

least a 30 dB SMSR, it is required that R2 be as small as possible (<1%).

The tuning characteristics of DFB and DBR lasers continues on the next page.
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Tuning Characteristics of DFB and DBR Lasers

To understand the tuning characteristics of DFB and DBR lasers

one must first understand losses in these lasers. So effective mirror

losses will be presented briefly and will be referred back to when

discussing tuning aspects.

Effective Mirror Losses

The lasing wavelength is dependent upon the feedback caused by

the grating. By changing the frequency selectivity of the feedback, one

can change the threshold condition and cause a change in the lasing

wavelength. Therefore, our analysis will start by finding the feedback

caused by the grating. To find the effective mirror losses, that is,

the losses from the laser through the facets as in a Fabry-Perot laser,

a complex, rigorous mathematical derivation is needed. To shorten

this report, only the results from such a derivation given in the book

by G.P. Agrawal and N.K. Dutta(Long- Wavelength Semiconductor

Lasers, Van Nostrand Reinhold Company,1986) for a DFB and DBR

laser will be used. The threshold condition for a DFB laser is given

by,

(ru- ) (r 2 r) e2iL1 (1
1-rr,] ( -rr2] 1

where,

r =effective DFB reflection coefficient,
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r1 ,r2 = reflectivities of the facets,

-= the propagation factor,

L = the length of the laser cavity.

The value of r is given by,

r- (2)

where,

= coupling coefficient,

A'3 = ±('Y2 + r2)i/ 2 = 6 -ia/2.

6 is the detuning parameter which will be defined later and a is the

effective mirror loss or mode loss.

If the reflectivities of the facets are not assumed to be zero, then

I

rj= Rjexp(i¢) (3)

where,

R= facet reflectivity,

= phase change due to incomplete grating periods.

Ideally the value of € should be known, but due to manufacturing

techniques in cleaving, this value will change from device to device.

As we will see, this is the physical mechanism which will be used

to tune the DFB or DBR lasers in the phase region. The value of 0

varies from 0 to 21r and is the ratio of the last partial grating period

length to a complete period length. Another useful parameter which

will be used is the detuning parameter which is equal to,
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MT- 
(4)

where,

m = order of the period,

A = period of the grating.

The detuning parameter measures the frequency difference from

the Bragg condition.

By using appropriate parameters particular to the device structure,

then equations [1] and [2] will yield a transcendental equation whijch

would have a solution as in figure 12.

To make the solution independent of the length of the laser cavity the

parameters are normalized by multipling in the cavity length.

The same analysis can be done with the DBR laser. However,
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Fig. 12: The mode gain vs dletuning for fixed values of RI, R2 , 02.
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for DBR lasers, a coupling term from the active waveguide and the

passive DBR region must be considered. The power coupling efficiency

is given by Co, which causes the effective reflectivity of the grating to

be equal to

ref f = Corg (5)

where, r. = grating reflectivity,and

Co = coupling coefficient.

The grating coefficient is given by,

2icsin -yl

rg = (6)"cos -j1 - iA/O sin -11

and, AO = 6 + icg/2.

The a. takes into account the loss due to absorption in the DBR

region and that is why it is positive as opposed to the A3 given for

the DFB laser. Now if we consider the effective reflectivity as a facet

reflection at both ends, then the threshold condition becomes

Crg 2 exp 2i,3L = 1 (7)

By equating the modulus and the phase of both sides, we can solve

for the mode loss and the phase condition. With the DBR mode loss

defined as,

1 1
DBR -n(8)

L C01jrg' (8)
the result obtained is plotted in fig. 13, shown on Uhe next page.
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Tuning

There are basically two mechanisms which change the lasing wave-

length of DFB and DBR lasers. Each type is dependant upon the

change of the refractive index associated with the change of

injected current. By changing the index of refraction one either

changes the phase condition inside the cavity or changes the Bragg

wavelength, as we shall see.

A phase change is introduced between the reflecting facet and ac-

tive region(DBR) or between the grating region and active region(DBR)

by locating a transparent region between these regions. If this region,

called the phase region, is electrically isolated from the other regions,

then pumping this region with current will not effect the other re-

gions. By injecting current into the phase region causes a decrease in

the refractive index of this region. This change causes a change in the

effective length of this region and changes the phase conditions for

the cavity. The change in the phase caused by this pumping is given

by,

AO = 4An, (9)

A

where,

A =wavelength of the propagating wave, and

I :=transparent cavity length.

For the DFB laser the new phase would change the operating

point on the respective normalized coupling coefficient line in figure
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13 which was shown previously. From this figure, a different phase

would change the power output and linewidth due to a different mode

loss. ideally, the tuning mechanism should be made independent of

the power output and linewidth. One can see from fig 13. that the

larger the amount of change of the linewidth and power output the

greater the value of the normalized coupling coefficient. Therefore,

the product of the normalized coupling coefficient should be kept rel-

atively small.

For the DBR laser an increase in the current will cause a continuous

change in the wavelength until the operating point gets near the sec-

ond mode. At this point a further increase in the current will cause an

instability which will cause the lasing wavelength to be shifted back to

the original mode. This occurs because the phase condition is satisfied

by both modes and the original mode has less losses. For a DBR laser

this type of tuning also changes the power output because absorption

increases with increasing current. The tuning range for both the DFB

and DBR lasers are approximately 1.2 nm which is the typical mode

separation [ref:S.Murata et al.,Electron.Lett., vol.23, pp12-14, 19871.

The other way of changing the lasing wavelength is to pump the

grating region which causes a change in the Bragg wavelength. The

effect of this is to shift the plots for mode loss to lower wavelengths.

For DFB lasers this is impractical because the Bragg condition is held

by the active region. However for a DBR laser a large continuous

tuning region of 5.8 nm[ref:S.Murata et al.,OFC/IOOC '87, paper]
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WC3] can be realized. By changing the refractive index, one shifts

the Bragg condition by,

AAB = 2A (10)

m

From fig. 13 we can see that the plot would shift to a lower wave-

length with an increase in current, thereby causing a different wave-

length to lase. However, this shift is not continuous. The phase of the

round trip photon must be a integer multiple of ir so that the mode

is locked to that wavelength until the phase requirement is satisfied.

When satisfied, the mode loss will jump to the next mode that satis-

fies this condition. This causes the lowest loss mode to move towards

lower wavelengths. Since the mode loss is approximately constant ex-

cept at a mode jump, the linewidth and power output are relatively

constant also. The Bragg tuning also inherently has a greater range

then phase tuning since it is not limited by the mode separation.

These results above can be seen to explain the typical tuning pa-

rameters for a three region DBR [ref:S. Murata et al.,OFC/IOOC'87,

paper WC3]laser as seen in fig. 14.. Fig. 15 shows the lasing wave-

length as a function of the phase current. As can be seen, the tuning

is continuous until the jump back to the original lasing wavelength. In

fig. 16 we see that the output power changes during phase tuning .

This mechanism is due to the absorption increase in the phase control

region with increasing free carriers. The stepwise tuning with respect

to the Bragg tuning can be seen in fig. 17 Notice that the power
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was also kept approximately constant over the entire tuning range in

fig. 16. By controlling the currents in the active region, phase region,

and Bragg region then one can obtain continuous wavelength tuning

with constant power output [ref:S. Murata et al.,Electron. Lett.,pp.

403-405, 19871.

Conclusions which can be drawn from theory is that the DBR laser

inherently has a greater tuning range than the DFB laser. Also one

can conclude that the DFB laser can not be tuned without changing

the linewidth output. On the other hand the DBR laser can be tuned

with a constant output power if both phase and Bragg tuning is used.
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Freguencv Tunable DFB Lasers: Exuerimental Results.

From the previous discussion, it is evident that DFB lasers can be tuned by either changing

the feedback phase or the Bragg wavelength. This is shown in fig. 18 and 19 respectively. In fig.

18, terminal A supplies the current to the active region and terminal P supplies the current to the

tuning region. By changing Ip, the phase of the reflected light will change. This gives the

maximum tuning range for a DFB laser. The disadvantage of this tuning mechanism is that the

output power and linewidth will also change.

As an example, we quote the results obtained by Murata et al. of NEC Corp. (Ref. 10). These are

summarized in Table IX. The advantages of the phase tunable DFB laser are as follows:

(i) Large continuous tuning region (1.2 nm);

(ii) Manufacturing is not very complex;

(iii) FM response is flat up to 100 MHz;

The disadvantages of this structure are:

(i) Change in the linewidth and the power output while tuning occurs;

(ii) Linewidth also changes with tuning; minimum linewidth of 20 MHz and maximum

of 120 MHz obtained;

(iii) Phase-tuning is dependent upon reflectivity of the facet.

The Bragg wavelength change to tune DFB lasers is shown in fig. 19. Terminal Al or A2

could be used for the tuning. Changing the amount of current in one section changes the Bragg

wavelength which causes a change in the emitted wavelength. As an example we quote the results

obtained by Dutta et al. of AT & T Bell Labs. (Ref. 18). These are summarized in Table X. The

advantages of this structure are as follows:

(i) Either side can be used for tuning;

(ii) The laser are easily manufacturable;

(iii) No change in the linewidth is observed; 50 MHz linewidth is obtained for the entire

tuning region

The disadvantages of this structure are:
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FI. 18: SCHEMATIC FOR FREQUENCY TUNABLE DFB

LASER WITH PHASE CHANGE.

Al.

FIG. 19: SCHEMATIC OF FREQUENCY TUNABLE DFB LASER
WITH CHANGES IN THE BRAGG WAVELENGTH

47



TABLE IX

RESULTS OBTAINED BY MURATA ET. AL (REF. 10)

WITH PHASE-TUNABLE DFB LASER

NEC Corp

PARAMETER (Murata)

Active Region Length 250 gm

Tuning Region Length 130 gim

Maximum Tuning Range 1.2 nm
(150 GHz)

Power Change with
Respect to Tuning Yes

Limitations on Tuning Multimode
oscillation
foreseen by
coupled mode
theory

Isolation Resistance 280 a
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TABLE X: Results obtained by Dutta et. al. (ref 18) with Bragg-
Wavelength tunable DFB laser

AT&T

PARAMETER (Dutta)

Active Region Length 250 gim

Tuning Region Length 250 pim

Maximum Tuning Range 2 A

Change in Linewidth
with Respect to Tuning None

Power Changes with
Respect to Tuning None

Limitations on Tuning Tuning region
reaches thres-
hold and also
leakage current
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(i) Very small tuning range of 2A

(ii) Limitation on tuning is caused by the tuning region reaching threshold, at which

time the temperature increases and causes the tuning in the opposite direction.
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Task 5A: Investigate the comparative performance of bulk and fiber diffraction gratings

for DFB-ECSLs.

This above task is not relevant for DFB-ECSL as the frequency selection is accomplished

by the grating in the solitary DFB laser. The external cavity in a DFB-ECSL only reduces the

linewidth. This section will be relevant for FP-ECSL to be discussed later in Task 5B.

Task 6A* Identify design features of the coherent transmitter modules based on the

results of Task 5A.

This task is again not relevant for DFB-ECSL for reasons quoted above in Task 5A.

Task 7Aa Identify critical parameter combinations for DFB-ECSL that can support the

various coherent modulation schemes.

For the DFB solitary laser, the selected values of the critical parameters and the reasons for

their selection is given below. They were chosen because they are typical of readily available

devices:

(i) P[2mW] -Normal operating power of a DFB laser (up to 5 mW have been reported).

(ii) L[275 p.m]-Normal length of DFB laser which depends on the manufacturing rechnique

and cost.

(iii) Rl[<5%l-An antireflecting coating on the output facet must be provided to achieve a side

mode surpression ration (SMSR) greater than 30 dB.

(iv} R2[32%]-Since no coating is necessary, this is the reflectivity of the semiconductor/air

interface.

(v) Kt 160 cm-11 -Typical value of the coupling coefficient for a readily available DFB laser.

(vi) Grating type [2nd order]-Type of grating used by most off-the-shelf DFB lasers.

For the DFB laser used in combination with external cavities, the following parameters are

assumed and the rationale for these is as follows:

(i) P[2 mW]-See above
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(ii) L[275 .mJ-See above.

(iii) R 1[32%1- No antireflection coating is needed on the output facet because we want a Fabry-

Perot reson.tor to be set-up between F2 and R1, while using the DFB laser as a frequency

selecting device.

(iv) R2 [<5%]-Antireflection coating is needed to increase the coupling between the laser and

the external cavity for strong feedback.

(v) K[ 160 cm- II -see above.

A spectral linewidth of 40 M-z is assumed with the above parameters and agrees well with

theoretical calculations.

For the DFB laser and GRIN Rod external cavity, the selected values of the critical

parar.Lers and the reasons for their selection is as follows (see fig. 3);

(i) F, [<5%)-Antireflection coating required for strong feedback

(ii) F2195%]-Usually a gold coating which gives very high reflectivity.

(iii) rn[4%]-Corresponds to the aboc criterion for F1 and F2 .

(iv) Lex Fixed at - 6 mm with a 0.23 pitch lens of about 4 mm long.

For the DFB laser and single-mode fiber cavity, the following were selected (see fig. 5):

(i) F1 [fiber lensi-Needed to increase the coupling i..o the fiber. (No coating required)

k,) F2 [95%]-Usually a gold coating which gives very high reflectivity

(iii) Ti [10%]- Corresponds to the above criterion for F1 and F2 .

(iv) Lex- See design tables, to follow.

For the DFB laser and mirror cavity, the following were selected (see fig. 2):

(i) F2 [95%I-High reflection coating needed to provide mirror.

(ii) ri [12.5%]-Corresponds to the above criterion.

(iii) Lex-See design tables, to follow.

In the above external cavity set-ups, it is assumed that the in-phase external feedback

condition is met, by using precise longitudinal movement with a piezoclectric translator.
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!t=: The GRN-rod external cavity is more practical than either the fiber or mirror cavity

but can only be used for fixed lengths of 6 mm with - 0.23 pitch of lens to get the

necessary collimation of light from the laser. Hence, linewidths are limited to - 1-2 MI-z. For

narrower linewidths, the fiber cavity is most practical. The mirror cavity is the least practical

because the microscopic objective must be aligned and also pertubations in the air path bring on

instabilities. The idea of long external cavity lengths, to get reduced linewidths, was tested by

using the mirror cavity and practical devices have been built with GRIN rod lens and fiber external

cavities, as highlighted in Task 2A.

From the above selection, it can be seen that the only variable parameter is the external

cavity length. Tables XI, XII, XIII and XIV show the value of the optimum external cavity length

(last column) of the different DFB-ECSLs, at four different bit rates, namely 140 Mbit/s, 565

Mbit/s, 1.2 Gbit/s and 2.4 Gbit/s. Each table has the 4 different modulation formats (ASK, FSK,

DPSK and PSK) and the 4 different demodulation formats shown. The linewidth requirements

are also shown. The preferred structure is also shown with an (*) and is based on the already

cited advantages of this preferred structure.

From the above four Tables of the optimum cavity length and the relative advantages of

each of the three DFB-ECSL discussed, we have identified the preferred structure that can be used

in a system, clearly again in four Tables, labelled XV, XVI, XVII and XVIII. The variables are

similar to the above four Tables. We have also shown the laser linewidth requirement, as a

percentage of the bit rate, for each modulation format. It can be seen that the requirements for

DPSK and PSK are considerably more stringent than ASK and FSK modulation.

It can be seen that as the bit rate (B) increases, the linewidth requirements become less

stringent. The mirror cavity is obviously not preferred and the two DFB-ECSLs preferred are

those with the GRIN rod and single-mode fiber. This is why we have compared, in considerable

detail these two structures in Table XIX, which stretches over 2 pages. An advantage is denot'd

with a (+) and a disadvantage by (-). At lower bit rates, the fiber cavity has to be used while at

higher bit rates, the grin rod external cavity can be used, as shown in the previous tables.
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TABLE X1

DFB-ECSL FOR COFOCS

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE = 140 MBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH

ASK Heterodyne 14 MHz Solitary DFB(*) L=550g~m
with envelope to GRIN-Rod L=4 mm

FSK Detection 70 MHz
Solitary
DFB ()L=275g±m

DPSK Heterodyne 420 kHz
with delay time to Fiber Cavity(*) L=17-l3mm
demodulation 700 kHz Mirror Cavity L=18-l3mm

PSK Heterodyne 140 kHz
to Fiber Cavity () L=30 -13mm

700 kHz Mirror Cavity L= 32-13mm

PSK Homodyne 70 kHz
to Fiber Cavity () L=43-30mm

140 kHz Mirror Cavity L=46-32mm

*Preferred structure
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TABLE XII

DFB-ECSL FOR COFOCS

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE =565 MBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH(mm)

ASK Heterodyne 56 MHz Solitary DFB L=275 gim
with envelope to

FSK Detection 282 MHz

DPSK Heterodyne 1.7 MHz GRIN Rod(*) L=4
with delay time to Fiber Cavity(*) L=7.2-5.2
demodulation 2.83 MHz Mirror Cavity L=9.7-7.0

PSK Heterodyne 565 kHz
to Fiber Cavity () L=15-5.2

2.83 MHz Mirror Cavity L= 20-7.0

PSK Homodyne 282 kHz
to Fiber Cavity L =21-15

565 kHz Mirror Cavity L=28-20

*Preferred structure
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TABLE XIII

DFB-ECSL FOR COFOCS

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE =1.2 GBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH(mm)

ASK Heterodyne 120 MHz Solitary DFB L=275 im
with envelope to

FSK Detection 600 MHz

DPSK Heterodyne 3.6 MHz GRIN Rod(*) L=4
with delay time to Fiber Cavity(*) L=4.5-3.0
demodulation 6.0 MHz Mirror Cavity L=5.8-3.9

PSK Heterodyne 1.2 MHz
to Fiber Cavity (*) L=9.0-3.0

6.0 MHz Mirror Cavity L= 10-3.9

PSK Homodyne 600 kHz
to Fiber Cavity (*) L=14-9.0

1.2 MHz Mirror Cavity L=15-10.0

*Preferred structure
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TABLE XIV

DFB-ECSL FOR COFOCS

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE = 2.4 GBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH(mm)

ASK Heterodyne 240 MHz Solitary DFB L=275 tm
with envelope to

FSK Detection 1.2 GHz

DPSK Heterodyne 7.2 MHz GRIN Rod(*) L=4
with delay time to Fiber Cavity L=2.6-1.6
demodulation 12.0 MHz Mirror Cavity L=3.4-2.1

PSK Heterodyne 2.4 MHz GRIN Rod(*) L=4
to Fiber Cavity L=5.8-1.6

12.0 MHz Mirror Cavity L= 7.8-2.1

PSK Homodyne 1.2 MHz GRIN Rod(*) L=4
to Fiber Cavity L=9.9-5.8

2.4 MHz Mirror Cavity L=10-7.8

*Preferred structure
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TABLE XV

DFB-ECSL FOR COFOCS

LASER LINEWIDTH REQUIREMENTS
AND

DFB LASER BASED STRUCTURES
(Bit Rate = 140 Mbit/s)

Modu- Demodu- Au/B DFB-Laser based Structure
lation lation (%) AU

ASK Heterodyne 1 0 14 MHz ANY STRUCTURE;.
with to to (SOLITARY DFB LASER

FSK Envelope 5 0 70 MHz PREFERRED)
Detection

DPSK Heterodyne 0.3 420 kHz DFB LASER + FIBER CAVITY
(MSK) with to to (PREFERRED STRUCTURE) OR

Delay Time 0.5 700 kHz DFB LASER + MIRROR
Demodu- CAVITY
lation

PSK Heterodyne 0.1 140 kHz DFB LASER + FIBER CAVITY
to to (PREFERRED STRUCTURE) OR

0.5 700 kHz DFB LASER + MIRROR
CAVITY

PSK Homodyne 0.05 70 kHz DFB LASER + FIBER CAVITY
to to (PREFERRED STRUCTURE) OR

0.1 140 kHz DFB LASER + MIRROR
CAVITY
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TABLE XVI

DFB-ECSL FOR COFOCS

LASER LINEWIDTH REQUIREMENTS
AND

DFB LASER BASED STRUCTURES
(Bit Rate = 565 Mbit/s)

Modu- Demodu- A/B DFB- Laser based Structure
lation lation (%) Au

ASK Heterodyne 1 0 56 MHz ANY STRUCTURE
with to to (SOLITARY DFB LASER

FSK Envelope 5 0 282 MHz PREFERRED)
Detection

DPSK Heterodyne 0.3 1.7 MHz DFB LASER + GRIN ROD
(MSK) with to to (PREFERRED CAVITY) OR

Delay Time 0.5 2.83 MHz DFB LASER + FIBER CAVITY;
Demodu- OR DFB LASER + MIRROR
lation

0.1 565 kHz DFB LASER + MIRROR OR
PSK Heterodyne to to DFB LASER + FIBER CAVITY

0.5 2.83 MHz (PREFERRED CAVITY)

0.05 282 kHz DFB LASER + MIRROR OR
PSK Homodyne to to DFB LASER + FIBER CAVITY

0.1 565 kHz (PREFERRED CAVITY)
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TABLE XVII

DFB-ECSL FOR COFOCS

LASER LINEWIDTH REQUIREMENTS
AND

DFB LASER BASED STRUCTURES
(Bit Rate = 1.2 Gbit/s)

Modu- Demodu- AWB DFB- Laser based
lation lation (%) Au Structure

ASK Heterodyne 10 120 MHz ANY STRUCTURE
with to to (SOLITARY DFB LASER

FSK Envelope 5 0 600 MHz PREFERRED)
Detection

DPSK Heterodyne 0.3 3.6 MHz DFB LASER + GRIN ROD
(MSK) with to to (PREFERRED CAVITY) OR

Delay Time 0.5 6.0 MHz DFB LASER + FIBER CAVITY;
Demodu- OR DFB LASER + MIRROR
lation CAVITY

0.1 1.2 MHz DFB LASER + MIRROR OR
PSK Heterodyne to to DFB LASER + FIBER CAVITY;

0.5 6.0 MHz OR DFB LASER + GRIN ROD
(PREFERRED CAVITY)

0.05 600 kHz DFB LASER + MIRROR OR
PSK Homodyne to to DFB LASER + FIBER CAVITY;

0.1 1.2 MHz (PREFERRED CAVITY)
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TABLE XVIII

DFB-ECSL FOR COFOCS

LASER LINEWIDTH REQUIREMENTS
AND

DFB LASER BASED STRUCTURES
(Bit Rate = 2.4 Gbit/s)

Modu- Demodu- Au/B DFB- Laser based
lation lation (%) Au Structure

ASK Heterodyne 1 0 240 MHz ANY STRUCTURE
with to to (SOLITARY DFB LASER

FSK Envelope 5 0 1.2 GHz PREFERRED)
Detection

DPSK Heterodyne 0.3 7.2 MHz ANY STRUCTURE
(MSK) with to to (SOLITARY DFB LASER

Delay Time 0.5 12 MHz PREFERRED)
Demodu-
lation

0.1 2.4 MHz DFB LASER + MIRROR OR
PSK Heterodyne to to DFB LASER + FIBER CAVITY;

0.5 12 MHz OR DFB LASER + GRIN ROD
(PREFERRED CAVITY)

0.05 1.2 MHz DFB LASER + MIRROR OR
PSK Homodyne to to DFB LASER + FIBER CAVITY;

0.1 2.4 MHz OR DFB LASER + GRIN ROD
(PREFERRED CAVITY)
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TABLE XIX

DFB-ECSL FOR COFOCS

COMPARISON OF PREFERABLE STRUCTURES

DFB Laser + GRIN rod DFB Laser + Fiber Cavity

(+) Lens ends do not have (-) End preparation of fiber
to be tapered or cleaved; into taper-with-hemisphere
available commercially in lens is important for good
useable form. coupling.

(-) A high reflection coating (-) Reflection end must be per-
must be applied to the re- pendicular to fiber axis to
flection facet. within 10 and have a high

reflection coating.

(-) An anti-reflection coating (+) No further processing of
must be applied to have coupling end required.
good coupling.

(-) Linewidth power product (+) Linewidth power product is
limited to 1-2 MHz* mW, two orders of magnitude
due to lens size and cavity better, 70 kHz-mW.
length.

(+) Because of size, both the (-) Short lengths of SMF are
GRIN rod and DFB laser can impractical to prepare &
be mounted on a Peltier handle.
thermocooler. (-) Entire module must be

thermally insulated and
temperature controlled be-
cause fiber cavity & DFB
laser both cannot fit on
Peltier thermocc. -:r.

+ signifies an advantage

- signifies a disadvantage
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TABLE XIX kCONTINUED)

DFB-ECSL FOR COFOCS

COMPARISON OF PREFERABLE STRUCTURES

(Continued)

DFB Laser + GRIN rod DFB Laser + Fiber Cavity

(+) Dimensions of a practical (-) Dimensions of a typical
module are approximately module are 26 mm x 29 mm
20 mm x 20 nm x 40 mm; x 95 mm; not as compact.
can be made small and
robust.

(-) GRIN rod must be very pre- (-) Fiber cavity must also be
cisely controlled by a piezo- very precisely controlled by
electric translator for the piezoelectric translator for
minimum linewidth condi- the minimum linewidth con-
tion.(-0,3 im) dition.

(-) DFB solitary laser must be (+) DFB laser selection not
good (-40 MHz linewidth) needed for relatively nar-
to give linewidths which can row linewidth for practical
be used in lesser stringent use.
modulation schemes.

(-) Temperature control must (-) Temperature control must
be approximately .01 0 C. be approximately .01 C.

+ signifies an advantage

- signifies a disadvantage
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Task 8A: Develop theoretical models to characterize the stability of linewidth and output

frequency of the DFB-ECSLs as a function of environmental parameters such as temperature and

pressure.

Environmental parameters such as temperature and pressure are relatively unimportant in a

packaged module and no attention has been given to them in the literature on ECSLs. This is

because the temperature of the heat sink, of the solitary laser, is controlled to -0.011C by using

two stages of thermo-electric coolers. This is absolutely necessary to ensure good frequency

stability of the laser. Tuning the frequency of the laser, by changing the injected current or the heat

-sink temperature, is well-known. This is due to a shift of the semiconductor laser gain profile

towards higher energy levels when the carrier injection level, which is proportional to the injection

current, is changed. Further a commercial package is hermically sealed and environmental

pressure changes are eliminated. Analysis of the frequency change with injected current and heat

sink temperature are well documented in the literature and hence the theoretical models were not

developed in preference to tasks 13 and 14 which were extremely important and vital to this

contract.

Tasks 2B through 8B now follow for Fabry-Perot laser based external cavities.
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Task-2B Analyze performance of FP-ECSL coherent optical transmitter with strong frequency

selective feedback.

There are four basic external cavity structures which have been built with FP solitary laser.

These are

(i) FP laser + Bulk diffraction grating

(ii) FP laser + Fiber diffraction grating

(iii) FP laser + Prism diffraction rating

(iv) FP laser + External waveguide Bragg Reflector

The references, in the literature, which have reported the above structures, referred to as

FP-ECSL (Fabry-Perot External Cavity Semiconductor Lasers), are listed as References 19 thru

28. We have only considered strong feedback, as in the task stipulation. Frequency selection is

provided by the external diffraction grating.

We now analyze the performance of each of the above FP-ECSL as was done previously

for DFB-ECSL.

I FP Laser with Bulk Diffracting Grating

The optical schematic is shown in Fig. 20. The advantages of this structure are as follows:

(i) Very wide tuning capability of - 130 nm, which is - 14,000 GHz!

(ii) Continuous tuning is possible as well as fine, medium and coarse tuning;

(iii) Easy coarse tuning can be achieved by rotating the bulk diffraction grating;

(iv) Very narrow spectral linewidths can be obtained, of - 10 kHz and less, for every mW of

output power.

The disadvantages of this structure is as follows:

(i) requires AR coating on one facet;

(ii) Degradation of direct frequency modulation capability with the external cavity

(iii) Low feedback coupling efficiency (- 10%)

(iv) Unguided air path and hence acoustic disturbance can disrupt performance
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F-P Laser with Bulk Diffraction Grating

Fine tuning Medium tuning Coarse tuning

Output '"

plate F-P etalon Diffraction
grating

Fig 20e Schematic of Fabry-Perot Laser with Bulk Diffraction Grating

L = Solitary laser length0

Lex = external cavity length

R2  = Reflectivity of AR coated facet

R3  = Feedback level

M = collimating maicroscope objective
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(v) Package can be bulky.

(vi) Frequency stability depends on mechanical design

(vii) Both laser facets must be available; One for feedback, the other coupling the for output

from the laser, into a single-mode fiber.

The design features of five different FP-ECSL structures built at 1.55 gm are summarized

in Table XX. The key design features include solitary laser length (Lo), AR coated facet reflectivity

(R2 ), feedback ratio (R3), external cavity length (Lex) detuning angle (4), whether on an optical

bench or package and the reference. The solitary structure is also specified. It can be seen that the

external cavity length varies between 5-18 cm. The corresponding output characteristics of these

structures are shown in Table XXI. The key point to notice is that the spectral linewidths are very

narrow (500 Hz -20 kHz) compared to DFB-ECSL. The output powers are in the 1-5 mW range

and are comparable to DFB-ECSL.

II FP Laser with Fiber Diffraction Grating

The schematic of this structure is shown in Fig. 2 1. The advantages of this structure are as

follows:

(i) the laser facet, nearer to the fiber, does not require an AR coating, R2 is left at 32%.

(ii) the feedback R3 is as high as 90%

(iii) the feedback coupling efficiency is very good at 50%

(iv) Since the feedback path is in an optical fiber, no acoustic or other disturbances affect the

performance of the laser.

(v) very narrow spectral linewidths can be obtained (-20 kHz.- mW.)

(vi) we can use only one facet of the laser both for feedback and output power.

The disadvantages of this structure are as follows:

(i) it has limited tuning capability of -2 nm, or -240 GHz

(ii) it is relatively hard to tune by changing the refractive index or the grating period by using a

specially made fan grating.
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TABLE XX

FP-ECSL FOR COFOCS

F-P Laser Based External Cavity Structures

FP Laser + Bulk Diffraction Grating

Wavelength = 1.5 gm LAB

PARAMETER BTRL BTRL AT & T AT&T

SOL. STRUCTURE CSBC DCPBH DCPBH CSBH CSBH
LASER us orLo - - - -AS=

100 MHz'mW
R2  3.5% 9% 3% 4% 2%

R3  25% 25%- -

Lex[cm] 12 10 5 5-15 18

p 1100 800 -

Comments On Optical Package On Optical On Optical
Bench Bench Bench

Ref. Elec. Lett. Elec. Left. Appl. Phys. J. Light Tech.
Vol 21, Vol. 21, Lett. Vol.48 LT-5, p 510,
p. 658 p. 113, p. 885 1987
1985 1985 1986

CSBH: Channel Substrate
buried Hetero-structure

CSBC: Channel Substrate Buried
Cresent

DCPBH: Double Channel Planar
Buried Hetero-structure
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TABLE XXI

FP-ECSL FOR COFOCS

F-P Laser Based External Cavity Structures

FPR Laser + Bulk Diffraction Grating

LAB

PARAMETER BTRL BTRL AT &T AT& T

A~)ex 300 Hz 500 Hz 20 kHz 2 2kHz

kHz-mW 2 -2 - l8kHzmW 7.4 kHzmW

Tunability
[nm] 120. 60 60 9

Output [mW] 1-5 1-5 - 1 1-4

Freq. Drift -- <1 50 MHz <15 MHz

Comment Fine Fine tuning
tuning with
with external
silica cavity
plate length
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F-P Laser with Fiber Diffraction Grating

period

538rnm Oil Claddng layer

core

fused silica block

Fabry-Perot GRIN
loser lensfir gatn

f-firefbr rtg

(b) fotfCI________
frontfacetPeltier

em~ss.ofl I Icm air equivalent cooler

Fig. 21: Schematic of Fabry-Perot laser with Fiber Diffraction Grating

(a) Detailed view of fiber diffraction grating

(b) Overall set-up of laser

FP- ECSL WITH PRISM GRATING

IQS Pr
d ,Ode

GPI N rod lems
and prsm grating

£ig..2.2o Schematic of Fabry-Perot laser with Prism Diffraction Grating
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(iii) fairly involved processing is required for producing the grating on the single-mode fiber, as

compared to a bulk diffracting grating which can be commercially bought relatively

cheaply.

III FP Laser with Prism Diffraction Grating

The schematic diagram of this structure is shown in fig. 22. The advantages of this

structure are:

(i) compactness, as the external cavity length in only 2 cms.

(ii) the feedback coupling efficiency is very high (50%)

(iii) very wide coarse tuning of 40 nm can be obtained.

The disadvantages of this structure are:

(i) the spectral linewidth is not very narrow, 1 MIz-mW;

(ii) one laser facet requires an AR coating, as with the bulk diffraction grating.

(iv) fine tuning is very difficult with extremely small displacement of the prism; for every lai,

16 GHz variation is obtained; hence for 1000 Mlqz, a displacement of 16 nm would be

required.

IV FP with External Waveguide Bragg Reflector (EWBR)

The schematic diagram of this structure is shown in fig. 23. The advantages of this

structure are as follows:

(i) very compact size, as the total length is 5 mm;

(ii) substantial chirp reduction can be obtained

(iii) narrow linewidth of 1 MIHz at 3 mW;

(iv) insenstitive to spurious optical feedback

(v) strong feedback can be obtain (R3 > 60%)

(vi) relatively easy to use 1st order Bragg reflection

The disadvantages of this structure are:

(i) Low coupling efficiency due to butt coupling (-20%)
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FP + EXTERNAL WAVEGUIDE BRAGG
REFLECTOR (EWBR)

BRAGG REFLECTOR
GRATING -- CHIP

LASER CHIP
SiO z  .. __FIBER

Si 3 N4  q

SiO2

F Schematic of Fabry-Perot laser chip with external waveguide Bragg reflector on the

left. The output fiber is also shown.
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(ii) Hard to tune, tuning with temperature can be achieved.

(iii) Stability depends on mechanical design. It is mechanically weak to external perturbations.

The design features of this FP-EWBR laser, built by AT & T Bell Labs, is shown in Table

XXII and the output characteristics are shown in Table XXIII. All the data is explained well and

unambiguously in these tables and will not be repeated here.
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TABLE XXII

FP + EXTERNAL WAVEGUIDE BRAGG
REFLECTOR (EWBR)

DESIGN FEATURES

Design Parameters AT and T Lab.

Wavelength 1.5 gim

Laser Diode CSP (Channel
substrate planar)

Facet Reflectivity R = R2 = 0.32

Bragg Reflector Silicon substrate
(ne = 1.46)

1st order grating
FWHM of reflection: 6A
5 mm single mode ridge
waveguide

Feedback R3 > 0.6

External cavity length 5 mm
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TABLE XXIII

FP + EXTERNAL WAVEGUIDE BRAGG
REFLECTOR (EWBR)

OUTPUT CHARACTERISTICS

OUTPUT PARAMETER AT & T LABORATORY

DC Chip reduction 650 MHz/mA (without EWBR)
30 MHz/mA (with EWBR)

AC Chirp reduction 220 MHz/mA (without EWBR)

(1 GHz modulation) 15 MHZ/mA (with EWBR)

Output Power - 3 mW

Linewidth 1 MHz at 3 mW

Sidemode Suppression -37 dB (x5000)

Temp. Tuning Laser 1 A/aC
EWBR 0.1 A/° C
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Task 3B: Characterize linewidth and tunability aspects of FP-ECSL external cavity based

coherent optical transmitters

Task 4B: Identify and characterize critical parameters upon which the linewidth and tunability

depends, such as facet reflectivity, feedback ratio, detuning angle and external cavity length.

The above tasks are related to linewidth and tunability and have been dealt with in considerable

detail in three manuscripts enclosed at the end this report. These are:

Manuscripts 3 and 4: "Linewidth calculations in tunable external cavity Fabry-Perot

semiconductor lasers with strong frequency-selective feedback for coherent lightwave systems".

Manuscript 5: "Frequency tuning characteristics of external cavity Fabry-Perot semiconductor

lasers with strong feedback for coherent lightwave systems,"

Task Investigate the comparative performance of bulk and fiber diffraction gratings.

This has been done, in considerable detail, and the results are presented in Table XXIV, which

extends over 2 pages. The comparison is made on seven parameters, namely, tuning, devices,

packaging, linewidth, stability, output power and modulation. An advantage is labelled with a(+)

and a disadvantage with a (-). Tasks 6B and 7B as stated below will be discussed together as they

are relevant.
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TABLE XXIV

FP-ECSL FOR COFOCS

F-P Laser Based External Cavity Structures

Bulk Diffraction Grating Fiber Diffraction Grating

T (+) Wide tuning capability (-) Limited tuning range
U (-130 nm) (- 2 nm, -240 GHz)
N (+) Continuous tuning pos- (-) Continuous tuning is
I sible by coarse tuning, very limited
N Medium tuning
G Fine tuning.

(+) Easy to coarse tune by (-) Relatively hard to tune.
changing incident angle E Tuning can be achieved by
X = 2 A sin 0 changing ne or A.

X =2 ne.A
where A is a grating where ne: refractive index

period of oil cladding layer
A: Grating period

D (-) Need R2 small (:5 5%) (+) R2 can be uncoated (-32%)
E (-) R3 moderate (- 25%) (+) R3 high (-90%)
V (-) Low feedback coupling (+) High feedback coupling
I efficiency to laser (-10%) efficiency to laser (-50%)
C (-) Unguided air path (+) Guided path in optical
E (Acoustic disturbances) fiber (no disturbance)

P (+) Relatively cheap grating; (-) Fairly involved processing
A commercially available (Research Device)
C (-) Package is bulky (+) Package can be small
K (-) Both laser facets must be (+) Can use one laser facet
A available; one for feedback, for feedback and output
G the other for output from (R1 = 1)

E laser
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TABLE XXIV (CONTINUED)

FP-ECSL FOR COFOCS

F-P Laser Based External Cavity Structures
(Continued)

Bulk Diffraction Grating Fiber Diffraction Grating

Line- Au ! 2 kHz Au 2! 3 kHz
width or or
Au Au "P= 7.4 kHz* mW(+) Au- P = 18 kHz, mW(+)

(N.A. Olsson et al.) (C.A. Park et al.)

Sta- • 1/f type amplitude unknown
bility noise. (Modulation freq.

need to be greater than
200 MHz.)

-Frequency stability is
determined by mechanical
design. i.e.
Freq. drift _ 15 MHz
(without enclosure)
Freq. drift < 1 MHz
(with enclosure)

Output -3mW -6 mW
Power (depends on bias current) (depends on bias current)

Modu- (-) Degradation of unknown
lation direct frequency modulation

Af
Capability (-)

Ai

+ signifies an advantage

- signifies a disadvantage
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Task-6B Identify design features of the FP-ECSL coherent transmitter module based upon the

results of Task 5.

Task 7B: Based on the above tasks, identify critical parameter combinations of the FP-ECSL

coherent transmitter modules that can support the various coherent modulation schemes.

The critical parameters selected for the solitary FP laser are shown below and are typical of readily

available devices:

(i) P = 3 mW; normal operating power of FP laser and easily obtained.

(ii) Lo = 150 .tm normal length of solitary laser.

(iii) R, = R2 = 32%; normal cleaved facet reflectivities.

(iv) X = 1.55 nim; InGaAsP device at the lowest fiber attenuation wavelength.

(v) A1isol = 322 Ml'z; solitary laser linewidth, assuming typicai parameters as shown below:

Ausoi = {V 2g hi gth am nsp}x(l+ a2 ) [8 x P]

where aI = 50 cm- 1, am = 45, 0t = -6,

nsp = 5, P = 3 mW, T = 0.2 (mode confinement factor)

For the FP laser and the bulk diffraction grating (BDG) the selection of 0, R2 and R3 are as

follows:

(i) 0 = 2 7t; feedback is tuned to FP modes

(ii) R2 < 3%; AR coating must be provided to achieve strong feedback and broad tuning range;

this value is easily obtained by present-day technology.

(iii) R3 > 20%: Typical feedback ratio including coupling loss; this value is easily obtained

with a bulk diffraction grating.
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For the FP laser anci the fiber diffraction grating (FDG) the selection of OR- , R and n are as

3

follows:

(i) 0 = 2 it; feedback i tuned to FP modes,

(ii) R, = 32%; uncoated laser facet is specified as R3 is fairly high in this arrangement;

(iii) R3 > 45%; including coupling efficiency; this value is easily obtained with this structure;

(iv) n = 1.45; refractive index of optical fiber;

Determination of the optimum length of the external cavity, for various modulation schemes

at various bit rates, can be found from the two graphs, fig. 24 and fig. 25. From these two

figures, and the linewidth requirements, for different modulation formats at different bit rates,

specific values of the external cavity can be determined and this is shown in Tables XXV, XXVI,

XXVII and XXVIII. The minimum workable external cavity length for a practical design is taken

to be 40 mm. The preferred FP-ECSL structure is also indicated in each table for each modulation

format. This is based on the previous discussions of the advantages of the structure preferred. It

can be seen that for bit rates higher than 1 Gbps the FP-EWPR is preferred as it is an integrated

structure and can be made very cumpact. At lower bit rates (<1 Gbitls), FP-BDG is required,

especially for PSK systems.
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TABLE XXV

FP- ECSL FOR COFOCS

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE = 140 MBITS/SEC

MODU- DEMODU- LINE- OPTI'MUM
LATION LATION WIDTH STRUCTURE LENGTH

(mm)

ASK Heterodyne 14 MHz FP + EWBR* 5
with envelope to FP + PG 20

FSK Detection 70 MHz FP + FDG 40 (+) (1-3)**
FP + BDG 40(+)(1-2)

DPSK Heterodyne 420 kHz FP + PG* 20
with delay time to FP + FDG 40 (+) (23-31)
demodulation 700 kHz FP + BDG 40 (+) (13-19)

PSK Heterodyne 140 kHz FP + FDG 54-40 (+) (23)
to FP + BDG' 40 (+) (15-35)

700 kHz

PSK Homodyne 70 kHz FP + FDG 78-52
to

140 kHz FP + BDGv" 50-40 (33)

*preferred structure
FP-PG = Fabry Perot Laser + Prism Grating
+ Minimum Practical Design

- Figures in brackets are calculated theoretical values

83



FP - ECSL FOR COFOCS
TABLE XXVI

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE = 565 MBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH

(mm)

ASK Heterodyne 56 MHz FP + EWBR* 5
with envelope to FP + PG 20

FSK Detection 282 MHz FP + FDG 40 (+) (1-2)**
FP + BDG 40(+)(1-2)

DPSK Heterodyne 1.7 MHz FP + EWBR* 5
with delay time to FP + PG 20 (+)
demodulation 2.83 MHz FP + FDG 40 (+) (11-14)

FP + BDG 40 (+) (6-9)

PSK Heterodyne 565 kHz FP + PG* 20
to FP +FDG 40 (+) (11-25)

2.83 MHz FP + BDG 40 (+) (6-15)

PSK Homodyne 282 kHz FP + FDG 40 (+) (25-37)
to

565 kHz FP + BDd 40 (+) (15-25)

*preferred structure

(+) -Minimum Practical Design
** - Figure in brackets are calculated theoretical values
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FP -ECSL FOR COFOCS
TABLE XXVII

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE = 1.2 MBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH

(mm)

ASK Heterodyne 120 MHz FP + EWBR* 5
with envelope to FP + PG 20

FSK Detection 600 MHz FP + FDG 40 (+) (1)'
FP +BDG 40(+)(1)

DPSK Heterodyne 3.6 MHz FP + EWBR* 5
with delay time to FP + PG 20
demodulation 6.0 MHz FP + FDG 40 (+) (5-9)**

FP +BDG 40(+)(3-7)

PSK Heterodyne 1.2 MHz FP + EWBR* 5
to FP +PG 20

6.0 MHz FP + FDG 40 (+) (5-17)
FP + BDG 40 (+) (3-9)

PSK Homodyne 600 kHz FP + PG 20
to FP +i FDG 40 (+) (17-25)

1.2 MHz FP + BDG* 40 (+) (9-17)

*preferred structure
+ -Minimum Practical Design

**-Figures in brackets are calculated theoretical values
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FP - ECSL FOR COFOCS
TABLE XXVIII

DESIGN TABLE FOR OPTIMUM EXTERNAL CAVITY LENGTHS

BIT-RATE = 2.4 GBITS/SEC

MODU- DEMODU- LINE- OPTIMUM
LATION LATION WIDTH STRUCTURE LENGTH

(mm)

ASK Heterodyne 240 MHz ANY STRUCTURE
with envelope to (SOLITARY SINGLE MODE

FSK Detection 1.2 GHz LASER* PREFERRED)

DPSK Heterodyne 7.2 MHz FP + EWBR* 5
with dolay time to FP + PG 20
demodulation 12.0 MHz FP + FDG 40 (+) (2-6)**

FP + BDG (40 (+) (1-5)

PSK Heterodyne 2.4 MHz FP + EWBR* 5
to FP +PG 20

12.0 MHz FP + FDG 40 (+)(4-11)
FP + BDG 40 (+) (1-7)

*
PSK Homodyne 1.2 MHz FP + EWBR 5

to FP + PG 20
2.4 MHz FP + FDG 40 (+) (11-17)

FP + BDG 40 (+) (7-11)

*preferred structure

+ - Minimum Practical Design
- Figures in brackets are calculated theoretical values
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Task 8B: Develop theoretical models to characterize the stability of linewidth and output

frequency of the FP-ECSL coherent transmitter modules as a function of environmental parameters

such as temperature and pressure.

As justified in Task 8A, this task was not persued. Environmental parameters such as temperature

and pressure are unimportant in a package which is (i) hermetically sealed and (ii) the temperature

of the heat sink of the laser can be controlled to 0.0 10C with two levels of Peltier Thermoelectric

Coolers.

Task 9: Develop detailed comparisons between the results of Tasks 2-8 for DFB and FP laser

based ECSL.

We shall do this in tabular form. First, the performance of the various FP-ECSL discussed above

are summarized in Table XXIX, and the parameters considered are quoted in the extreme left

column and are: output power, linewidth x power product, external cavity length, AR coating

requirments, coarse tuning, fine tuning, package consideration and comments. Next, in Table

XXX, we do the same comparison for three DFB-ECSL considered in Task 2A. The parameters

are the same. Finally, the comparison between FP-ECSL and DFB-ECSL is made with the

comments in Table XXXI. These are quite unambiguous and hence no repetition will be made

here.
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SUMMARY OF FP LASER BASED
EXTERNAL CAVITY STRUCTURES

TABLE XXIX

Bulk Fiber Prism External

Diffraction Diffraction Diffraction Waveguide
Grating Grating Grating Bragg

Reflector

Output
Power
[mW] 4 4 2 3

A-m W
[KHz'mW] 7 - 18 20 1000 3000

Lex [cm] 5 -18 10 2 0.5

AR
Coating yes no yes no

Coarse with rotat-
tuning ing grating

(130 nm)

Fine with silica with refract. with with
Tuning plate index change displacement Tempera-

(6 GHz/gm) ture

Pack- Semi-
age Bulky Compact Compact Compact

Com- See See at Can utilize
ments Task 5 Task 5 Siemens ROR
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TABLE XXX

SUMMARY OF DFB LASER BASED
EXTERNAL CAVITY STRUCTURES

GRIN ROD MIRROR FIBER

CAVITY CAVITY CAVITY

Output
Power
[nW] 2.5 2.2 1

A.mW

[kHz'mW} 3750 88 70

Lex [cm] 0.4 10-18 5.5

AR
Coating yes yes yes

Tuning not not not
(Coarse) possible possible possible

Fine Electrical Electrical Electrical
Tuning (1.2nm cont.) (1.2nm cont.) (1.2nm cont.)

Temp (1.8nm) Temp (1.8nm) (Temp. 1.8nm)

Package Compact Impractical Semicompact

Comments See Task See Task See Task
2 2 2
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TABLE XXXI

COMMENTS ON COMPARISON BETWEEN
DFB & FP LASERS WITH EXTERNAL CAVITIES

1. Output Approximately the same, the FP shows
Power: a slightly greater power output.

2. Absolute The absolute linewidth is an order of
Linewidth: magnitude smaller for the best FP

structure (FP-BDG) over the best DFB
based structure (DFB-FC)

3. Linewidth The FP-BDG structure is 7 times better
Power than the DFB-FC structure, which repre-
Product: sents best structure in each laser type.

4. S.M.S.R.: In general DFB structure are better;
however the best (lowest linewidth
power output) of both structures are
equal.

5. Coarse FP based structures are much
Tuning: superior, since DFB based structures

can not be tuned over a large
wavelength range.

6. Fine DFBs are superior since they can be
Tuning: tuned electrically.

7. Packaging: DFB structures are generally
more compact and easier to
work with since there are less
components to align.
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Task I Q Identify detailed designs of distributed feedback or Fabry-Perot laser based external

cavity coherent transmitter modules most appropriate for use with the various coherent modulation

schemes. Provide rationale for design selection.

This task has been accomplished in five tables, XXXII, XXXIII, XXXIV, XXXV, and XXXVI.

The first four are for the transmitter laser and the fifth one is for the local oscillator laser, in which

tunability is of utmost importance and the preferred structure is identified by considering a channel

separation of 100 MHz and four different values of the number of channels. For the transmitter

laser, tunability is not important and the most appropriate ECSL and the selection rationale is

provided in the extreme right column in each table for different bit rates. It can be seen that for

higher bit rates (>565 Mbit/s) DFB solitary lasers and DFB-ECSL are most appropriate for the

reasons cited. The FP-ECSL with bulk diffraction grating (BDG) is most useful at low bit rates,

but more importantly as the local oscillator with 1,000 and 10,000 channels as shown in Table

XXXVI.

91



TABLE XXXII

TRANSMITTER

APPROPRIATE ECSL AND RATIONALE FOR SELECTION

(Bit Rate : 140 Mbit/s)

Most appropriate
Modu- Demodu- Au/B ECSL & Selection
lation lation (%) Au rationale

ASK heterodyne 10 14 MHz Solitary DFB
with to to Integrated struc-

FSK envelope 50 70 MHz ture with all
detection advantages outlined

in Task 2

DPSK Heterodyne 0.3 420 kHz DFB+FC
(MSK) with to to

Delay Time 0.5 700 kHz Most compact and
Demodu- mechanically stable
lation

PSK Heterodyne 0.1 140 kHz FP+BDG
to to
0.5 700 kHz Highest power out-

put, narrow line-
width
manufacturable

PSK Homodyne 0.05 70 kHz FP+BDG
to to Highest power out-
0.1 140 kHz put, narrow line-

width,
manufacturable
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TABLE XXXIII

TRANSMITTER

APPROPRIATE ECSL AND RATIONALE FOR SELECTION

(Bit Rate : 565 Mbit/s)

Most appropriate
Modu- Demodu- A/B ECSL & Selection
lation lation (%) Au rationale

ASK heterodyne 10 56 MHz Solitary DFB
with to to

FSK envelope 50 282 MHz Least complicated
detection

DPSK Heterodyne 0.3 1.7 MHz GRIN-rod
(MSK) with to to

Delay Time 0.5 2.83 MHz Most compact,
Demodu- easily made
lation

PSK Heterodyne 0.1 565 kHz DFB+FC
to to
0.5 2.83 MHz Compact,

mechancially most
stable

0.05 282 kHz DFB+FC
PSK Homodyne t o t o

0.1 565 kHz Compact,
mechanically most
stable
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TABI E XXXIV

TRANSMITTER

APPROPRIATE ECSL AND RATIONALE FOR SELECTION

(3!t Rate : 1.2 Gbit/s)

Most appropriate
Modu- Demodu- Al/B ECSL & Selection
lation lation (%) Ali rationale

ASK heterodyne 13 120 MHz Solitary
with to to DFB

FSK envelone 50 600 MHk Least complicated
detection

DPSK Heterodyne 0.3 3.6 MHz GRIN-rod
(MSK) with to to

Delay Time 0.5 6.0 MHz Most compact stable
Demodu- easily manufacured
lation

PSK Heterodyne 0.1 1.2 MHz DFB+FC
to to
0.5 6.0 MHz Most compact,

mechancally table

0.05 600 kHz DFB+FC
PSK Homodyne to to Most compact,

0.1 1.2 MHz mechanically stable
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TABLE XXXV

TRANSMITTER

APPROPRIATE ECSL AND RATIONALE FOR SELECTION

(Bit Rate : 2.4 Gbit/s)

Most appropriate
Modu- Demodu- AiW/B ECSL & Selection
lation lation (%) Au rationale

ASK heterodyne 10 240 MHz Solitary DFB
with to to

FSK envelope 50 1.2 GHz Least complicated
detection

DPSK Heterodyne 0.3 7.2 MHz DFB + GRIN rod
(MSK) with to to

Delay Time 0.5 12 MHz Most compact,
Demodu- mechanically stable,
lation and easily

manufactured

PSK Heterodyne 0.1 2.4 MHz DFB + GRIN-rod
to to
0.5 12 MHz Most compact,

mechanically stable,
easily manufactured

0.05 1.2 MHz DFB + GRIN-rod
PSK Homodyne t o t o Most compact,

0.1 2.4 MHz mechancially stable,
easily manufactured
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TABLE XXXVI

PREFERRED LASER STRUCTURE

LOCAL OSCILLATOR LASER

(100 MHz CHANNEL SEPARATION)

Required
# of Tuning Preferred
Channels Range[nm] Structure

10 0.08 DFB + FC
100 0.8 DFB +FC

1000 8 FP + BDG

10000 80 FP + BDG
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TASK 11:

Evaluate the impact of the use of high power Fabry-Perot lasers on coherent transmitter

linewidth and integration results into Tasks 8, 9 and 10.

The impact will be minimum as the linewidth is proportional to inverse of power for low

output powers only. At higher powers, the linewidth becomes saturated. Hence the conclusions

in Tasks 8,9 and 10 are unaltered. As an example, see fig. 26 and some discussion on the three

parts of this figure are as follows:

(i) DFB-DCPBH (Double Channel Planar Buried Heterstructure) solitary laser was used in

these experiments.

(ii) High CW output power of 70 mW was obtained from each facet (Fig. 26a) at 25 °C

and the external differential quantum efficiency was 43%

(iii) Linewidth reduction due to the high power is less than 0.1 (Fig. 26b) 15 MI-Iz at low

power compared to 3 MIHz at high power.

(iv) 1/f noise floor is high due to low cavity Q factor (fig. 26c). These results are from

conference OFC'87; p. 148, paper WC1.

TASK 12:

Identify and perform key parameter experimental evaluations towards substantiating the

basis for the rationale for the detailed designs identified in Task 10.

In order to perform the experimental evaluation of the coherent transmitter module, the equipment

& componcnts bougL tre summarized in Table XXXVII. The measurements done are reported in

Task 14.
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SOLITARY HIGH POWER LASER

70! 25°C
,CW/

60 i 50t 0060 W 100

50- 0 -
40- .

D 30-

20 U0z~~W /-/. _z ,, ._

I DI to_
001 01 10t

L -1~--

0 100 200 300 06 I 2 5 10 1/61. MHZ

DIRECT CURRENT (mA) /11th-I

(a) (b) (C)

Fig. Characteristics of a solitary high power laser

(a) output power per facet vs. drive current

(b) linewidth as a function of normalized drive current

(c) linewidth as a function of inverse frequency
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TABLE XXXVII

Equipment Purchased (quantity in parenthesis)

1. Optical Isolators (2) 16. Fine Focusing Microscope Body

2. 1.55 pm Semiconductor
Laser (2) 17. Microscope Objective, x7

3. TO-8 Package for Lasers in 18. Microscope Objective, xl0
Item #2 (2) 19. Eye piece, xl0

4. Precision Current Source 20. Eye piece, x15

5. Temperature Controller 21. Ifra-d Sensor Card

6. Precision Translation Stage 22. Fused Silica Etalon

7. Low Voltage Amplifier 23. Optical Rail (1)

8. Piezoelectric Pusher Adapter Plate (3)
Sliding Base (6)

9. Acousto-Optic Modulator Support Post (5)
Translating Post Holder (2)

10. RF Driver for Item 9 Tree-axis Translator (2)
Screw Kit (1)

11. Digital Power Meter Screw Kit (1)
Universal Optic Holder (2)

12. Surface Absorbing Calorimeter Prism Table (1)
Translation Stage (1)

13. Isoperibel enclosure for Item 12 Objective Lens (2)
High Resolution Mirror Mount (1)

14. Precision Diffraction Grating Tilt/Rotation Stage (1)
Objective Holder (2)

15. Lenses for use with laser diodes
(Anti-reflection coated) 24. RF Pre-Amplifier
(2 off)
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Based on the above tasks, recomnend, fabricate and test one model of an external cavity based

coherent transmitter module.

The external cavity based coherent transmitter module to be built is a Fabry-Perot laser with a

bulk diffraction grating. The size of the grating can be miniaturized in a practical package design.

We selected the Fabry-Plrot laser with bulk diffraction grating (FP-BDG) design for the following

reasons:

(i) Narrowest linewidths (< 100 kHz).

(ii) Widest tuning range (- 130 nm).

(iii) Output powers of up to 5 mW available.

(iv) Can be.used with any modulation scheme at any practical bit rate in the 0.14 to 2.4

GBit/s.

(v) Can be packaged into usable field modules;

(vi) Can be finely and coarsely tuned continuously relatively easily.

(vii) All components arm readily readily available commercially at very reasonable prices; especially

the bulk diffraction grating.

(viii) Has excellent frequency stability with feedback control.

(ix) Any variety of Fabry-Perot lasers, with normal lengths of 250 pm can be used and AR

coating can be easily applied on one facet. Very low reflectivities (< 0.1%) have been

obtained and this increases the continuous tuning range.

(x) Fabry-Perot lasers at 1.55 pim (lowest loss of silica single-mode fibers) are readily

available coiercially.

(xi) It is the only design which can be used as the local oscillator laser to tune and select

more than 1000 optical channels separated by 100 MHz from one another.
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(xii) Performance of this design has been satisfactorily demonstrated in many systems

studies in the laboratory.

The design features of the FP-BDG laser to be built are as follows:

(i) F-P laser at 1.55 .m, AR coated on one facet

(ii) Diffraction grating, gold coated, 1200 lines/mm.

(iii) High numerical aperture collimating graded-index rod lens.

(iv) Tapered single-mode optical fiber (SMF)

(v) The optical schematic is illustrated in fig. 27. For photographic views, see figs

56, 57, 58. The features of our novel design and the rationale for its selection are as

follows:

(i) Fine tuning of the laser is done by changing the length of the SMF by piezoelectric

means. With much smaller movements, a much better resolution can be obtained

compared to changing the length of the cavity with an air-path.

(ii) The air-path of the light is limited to a minimum and will be < 5 mm.

(iii) Since the optical path of the light is increased in the SMF, the overall cavity length can

be small, -3 cm.

(iv) The facet F 1 of the SMF is tapered for two reasions: (i) to couple the maximum

amount of light from the laser facet R2 ; (ii) to minimize the amount of light reflected

back into the laser from the input end of the fiber.
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FP-ECSL FOR COFOCS

OUR NOVEL DESIGN

r-- ..........- -t

R1F 1  F2

SDG

L- Fabry-Perot Semiconductor Laser, 1.56 tm.

SMF - Single-mode fiber.

L - Graded-index (GRIN) rod lens; 1/4 Pitch.

DG - Bulk diffraction grating

F1 - Tapered end facet of SMF

F2 - AR coated facet of GRIN-rod lens.

Fj!, 27a Schematic of our novel design of a FP-ECSL
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Task 14:

Compare test results for the module developed under Task 13 to the projected results

of earlier tasks.

First a discussion will be made of the components to be used in our FP-ECSL laser design.

(i) Two lasers were purchased from the General Optronics Corp. Both facets ire

accessible as is necessary. The mounting is shown in fig. 28.

(ii) The light output from the two facets was measured by the manufacturers and is

attached. Fig. 29 shows the characteristic for laser W-2808 and Fig. 30 shows the

characteristic for the laser W-2809. Facet A, wue front facet is AR coated and Facet B

is the uncoated facet, and its reflectivity is 32%. Hence it is reasonable to expect more

power out from facet A. It can be seen that W-2908 has a better AR coating on facet

A as the output power from facet B is smaller. Estimation of the reflectivities of facet

A, from the maufacturer, are as follows -1% for the W-2808 and -4% for the W-

2809.

(iii) It can be seen that with feedback, 2-3 mW can easily be obtained from FP lasers, as

assumed in Task 10.

(iv) It can also be seen that the wavelength of the lasers are -1.56 and 1.57 rm. which is

the region of interest for the lowest loss in silica fibers.

(v) From our contacts at the Siemens Research Labs., we also obtained two AR coated

lasers at 1.3 gm.

(vi) The first laser's (LB-195-106-9) characteristics before AR coating is shown in fig. 31.

The threshold current is 76 mA and the differential quantum efficiency is 0.288

mW/mA. The output power from the uncoated facet, after AR coating of the other

facet is shown in fig. 32. Effectively it doesn't lase any more as a threshold is not

reached. Hence the AR coated reflectivity is very good, < 1%.
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F 31 Device voltage and light output vs. drive current for Siemens laser LB- 195-106-9,

before AR coating.
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Fig Device voltage and light output vs. drive current for Siemens laser LB-195-106-9,

after AR coating.
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(vii) Similar characteristics for the other Siemen's laser (LB-195-106-10) is shown in figs.

33 and 34 before and after coating.

(viii) The optical spectrum of our lasers purchased from General Optronics is shown in figs.

35 and 36. Many longitudinal Fabry-Pcrot modes can be seen, due to gain saturation

as the bias current is substantially above threshold. The peak wavelengths are 1.56

and 1.57 .m. The longitudinal mode spacing, as determined from these graphs is

1.21 rim, as each large division is 2 nm. From this measurement, the length of the

lasers is estimated to be 285 .m. We varied the temperature and drive current, in our

laboratory, to investigate further the mode behavior and the measurements are reported

later in this task.

(ix) In order to control the temperature of the laser accurately, and hence its mode behavior

before and after feedback, the laser was mounted in a TO-8 package with a Peltier

cooler, by the same company, General Optronics. This is shown in figs. 37 and 38

and its circuit diagram is shown in fig. 39. The laser was mounted vertically and not

horizontally as shown in fig. 37. This was to ensure that both facets were accessible.

Pins 4 and 5 (fig. 38) were not used as a photodiode was not required in the package.

Pin 2 (fig. 38) is a thermistor which senses the temperature and an external

temperature controller was used to control the temperature.

(x) The temperature vs. resistance curve of the thermistor mounted in the TO-8 package is

shown in fig. 40 and the cooler current required to maintain a certain temperature is

shown in fig. 41. We operated at a temperature of about 23 0C.

(xi) After mounting on the TO-8 package, the output power versus laser current were again

verified from the AR coated (front facet A) and are shown in figs. 42 and 43 for the

lasers W-2808 and W2809 respectively. These are nearly identical to the curves

obtained previously before the lasers were mounted on the TO-8 package.
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115



Pin #10

COOLER

Pin #31U Pin #7
0 rm

Pin #2 P17ufin#

.116



78

GENERAL UPRtKUILS ORP
. THERMISTOR: FEHVAL FA-41WI

x BROKEN LINES: UPPER AND LOWER LIMITS
so ........ .............................MAXIMUM DELTA Tao/-3.? 1 78 DEGREES C... . . .

(3MINIMUM DELTA Tzi/-2.3 125 DEGREES C

35 ....... .......................................................... .........

39.........

38 ....

18........................................... .........................................

0 2 .. . . . . .......................... ....... ..... .........

S

8 5 is is 28 25 30 35

RESISTANHCE k-ohms

Fijg.A40o Temperature vs. resistance of thermistor used in the TO-8 laser package

117



..... .. *GEHERRL OPTROHICS CORP -
.. ,. -..-.. -.... ..... ...........: .......... ... ........i ;I . C I 'lY l IP N R .... -;.... ....... .

KOVMWI SKNCC VITN FLJNGC-ALL MWii CONSITMIOW
S.. ........ • ... 4 CKO C lOTSM TCWMTJK;.-..-..;........

SO~ IN do, T*-*-QLAZO AT 1.9Vg1S
: ~ ~~~~~. ......... ............ : ........... . .- .- ....... ... . .. .. ..... ._...S .S.*........ .

.i... . -.. ........ 6. - ....... , ,. .. .. .•.... ... .....

3 .o, ... ........... ...... . .a a . a I 6 6 a

. . ... . . . ...

A IN Ul a0 4H M .H M M 0 IS10 I

Mg. 4: Tmeauev .colrcretoftemeeti cole use in th lase

...... i:...... ................ ..... ........... .... . ..... .....:......... ......... ..... ....
*. .: : N ....3 * .a....~.n . ..... . .. .a. . . .. ......- . . .* . ~ ~ aaa..

* • . . a

COOLER CURRENT mA.

£j .. Temperature vs. cooler current of thermoelectric cooler used in the TO-8 laser

package

118



u 0 C m4

;, - m z -{ C .. 0 1:
F- -- L - Si

-~ O0SJ L (4-

I a)D 4J
HJX -. *00

cI:

IO E

IL > .

I"H

:D -o

F- ci: z
CL-1CD z

i LJ Z

rr- Ln
___, _ ___ __ _ __ _ _ __nC

ct-, Q

LU r:

(Mw) NOISSTJ43 d13aI.
119



0

u 00

w +44) - U

LO7U LCn c -C C0 L

*-.- 

0-J0 1 4 L

Ki X 0

CES

C-

LLI -

(f >

5000

~(Z0

0CI:

uJ
Ll a
L-JA.JA)~~ J A~ L

(MW NOST4B-3~
z 120



(xii) The graded-idex rod lens was obtained from Nippon Sheet Glass Company and its

characteristics were as follows:

Diameter:. 1.8 mm

Na = 0.6 Both facets were AR coated at 1.3 pm (this is not optimum

as our lasers operate at 1.57 g.m and 1.56 .im )

Pitch: One-quarter so that a collimated beam is obtained as

required before striking the diffracton grating.

(xiii) The tapered single-mode fiber was obtained from contacts at the Dupont Company.

These are only experimental fibers and are old and hence brittle. Handling them

required considerable care. Many broke as well. Much further research is needed to

obtain optimum designs for coupling and low reflectance.

Measurements carried out in our laboratory, FOCL (Fiber Optical

Communications Lab.)

We were fortunate to have been loaned two optical spectrum analyzers by Advantest

and Anritsu Corporations. These are fairly expensive pieces of equipment (-$35,000 each) and

made our task reasonably easy.

1. Temperature and bias current effects on mode spectrum

This was done with no feedback to the cavity. The temperature was kept constant at

23°C with the temperature controller and the bias current was 80 mA and 55.7 mA. The mode

spectrum is shown in figs. 44 and 45. At 80 mA we obtained many modes, as also supplied by

the manufacturer. Hence it is important not to bias the laser substantially above threshold to get

one longitudinal mode. The next two mode spectrum obtained, shown in figs. 46 and 47 were
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at different temperatures, 190 and 10'C while keepting the bias current constant at 60 mA. The

peak wavelength shifts as is well known.

The mode spectrum shown in figs. 48 thru 51 were obtained from different

combinations of temperature and bias current indicated and further illustrate the frequency tuning

behavior with these two parameters.

II. Power Measurements

The following measurements were done with the FP-ECSL.

(i) Output power from uncoated facet without, and then with, optical feedback.

(ii) Output power from the AR coated facet.

The results are shown in fig. 52 and are typical of what has been obtained in other laboratories as

well.

III. Output Mode Spectrum with External Cavity

These were obtained with the Anritsu Optical Spectrum Analyzer on a total scan of 2

nm (0.2 nm/div) and are shown in fig. 53. Curve A is with feedback and Curve B is without

feedback. The greater power in curve A with feedback is clearly distinguishable. The linewidth

in both cases is resolution limited to -0.2 nm, which means it is <24 GHz in both cases. The

linewidths in solitary laser is < 1 GHz and that with external cavity is <100 kHz, but the

spectrum analyzer cannot resolve this. One longitudinal mode is clearly seen. Our result is very

similar to that obtained at British Telecom and presented at the 14th ECOC'88 in Brighton, U.K.

in September 88. They used the same spectrum analyzer and their result is shown in fig. 54.

Again only one longitudional mode is observed. The side mode supression ratio they obtained is

>35 dB because their AR coated facet reflectivity is very low(<0.3%). Our figure is 12.8 dB as

our facet reflectivity is -4%, since we used the W-2809 laser. This was obtained from the

spectrum shown in fig. 55.
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Fig. 54: Output mode spectrum obtained by BTRL with FP-ECSL using an
air cavity with bulk collimating lens. (Ref: ECOC 88, UK.)

Anti-reflection coated facet reflectively is < 0.3%.

External cavity length is - 3 cm.

Diffraction grating has 1200 lines per mm.

Side mode suppression ratio is >35 dBs.

Separation of the laser modes is 0.7 nm, or - 80 GHz.

Separation of the ECSL modes is - 5 GHz.
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IV Linewidth Measurement Considerations

We were loaned the Advantest Q73321 spectral linewidth testset with a 20 kHz resolution,

so that we could resolve the linewidth in our FP-ECSL. Unfortunately, we had this unit for 2 days

only and due to problems in optimum alignment of the external cavity at that time, we could not

measure the linewidth accurately. A one-month, no cost extension was denied. We got a gift of 11

kilometers of single-mode fiber from Coming only very recently but need 4-6 weeks to set-up the

delayed self-heterodyne as done in the above test.

The overall view of the- P-ECSL is shown in the photographs, it. fig. 56, and two close-

up views are shown in figs. 57 arid 58.
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Fig. 56: Overall view of our novel FP-ECSL with single-mode
extended cavity and bulk diffraction grating end
reflector.
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Fig. 57: Close-up view of laser and tapered single-mode fiber.
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Fig. 58: Close-up view showing fiber, grin-rod lens and bulk

diffraction grating end reflector.
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1 Introduction

The possibility of wavelength division multiplexing transmission with coherent de-

tection techniques has prompted the need for a narrow-linewidth, tunable optical

source. These types of systems offer the ability to transmit many channels simulta-

neously with narrow channel spacings depending upon the data rates transmitted.

For a phase shift keying modulation system the required linewidth is on the order

of between 0.1 and 0.5 percent of the channel bandwidth. Since solitary semi-

conductor lasers do not provide such a narrow-linewidth, the addition of passive

external cavities is one way to reduce the linewidth.

Previous research on the addition of passive external cavities, which utilize

the high feedback regime, to DFB semiconductor lasers has been most promising.

These types of structures produced optical sources with reduction of the linewidth

by a factor of a 1000 and increased stabilization from reflected feedback to -20 dB11l.

Even for relatively low data rates(-100 Mbits/s), the linewidth from such a device

is satisfied for the heterodyne detection, phase shift keying transmission system.

However, these types of devices lack the ability to be electrically fine tuned.

Thus far, research into the tunability of solitary DFB semiconductors has pro-

duced a phase tunable DFB(PT-DFB). These type of solitary lasers show con-

tinuous tuning regions of 1.2 nm(150 GHz)[2 ]. This types of tuning provides a

142



TUNABILITY ASPECTS

i - d.Je eiectr:caliv generated meai~s of Luning the optical source. So a natural

eOuLtion is to integrate the two types of systems to provide a narrow-linewidth,

frequency stable, tunable optical source. Such a system based on PT-DFB semi-

conductor lasers offers an electrical means of tuning.This is a great advantage of

this type of system over a Fabry-Perot laser based external cavity structure which

rely on mechanically adjusting the diffraction grating to provide tuning. However,

the increase in mechanical stability of DFB based external cavities leads to a much

smaller tuning range. Thus far tuning characteristics for a PT-DFB based external

cavity laser utilizing the high feedback regime have not been characterized.

2 Theoretical Considerations

The type of laser structure analyzed is illustrated in figure 1. In order to operate in

the high feedback regime, r 2 must have an antireflection coating and f2 must have

a high reflection coating. Generally to be operating in the high feedback regime,

power feedbacks greater than 10% are needed. 31

Since the amount of feedback needed to insure good stability is relatively high,

the model that will be used will incorporate the feedback from the external cavity

and the phase region into the facet reflectivities of normal DFB lasers. This type

of analysis has been suggested by A.R.Chraplyvy et. al.[N1 Our analysis starts with

the threshold condition for an ordinary DFB laser which is given by[51

r, r rb_- r exp (2i'yL) = ()
\1- rra/ )\(1 - rrb)

where rab are the effective facet reflectivities, L is the length of the active region, -y

is the complex wave number, and r is the effective distributed reflectivity from the

grating. The effective reflectivity caused by the grating is given by r =- 'The

complex wave number is given by, -y = ± (A32- K2 ) , where n is the coupling

coefficient and A0 is the difference between the mode propagation constant and the

Bragg condition. By dividing up the A3 into the real and imaginary components

cne obtains the customary detuning parameter,6, and power gain, .

Since the reflectivities are not truly defined only at the edge of the active region,
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Figure 1: Schematic diagram for the PT-DFB based external cavity laser with

parameters appropriately labeled.
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then we ,-an find t-e g'neral reflecting tern, of the external cavity and phase re2gion

by6]

r1,2 +7 [ r i r 2 ) - ri,2 J' f1,2 exp (- 2 -p,ezLp,,,)(2
ra b =_:- 2

1 - rl,2fl,2 exp (-j2^y,,zL,,c)
where the phase region is signified by p, the external region is signified by ex, and

the first index corresponds to the phase region and the second corresponds to the

external region. It is assumed as in ref.[6] that the reflectivities, coupling, and

transmission coefficients are equal whether seen from the inside of the laser cavity

or the external cavity interface. Also it is assumed that forward and backward

transmission coefficients are equal, multipling together to give the (1 - r2,2) term.

For the external feedback reflectivity we assume that the feedback is in-phase

and so the reflectivity from the external cavity is given by,

r 2 ( -r2)-r21 f2
rb 1-r 2 f 2

where appropriate terms can be see in fig 1. We also assumed the lo-- in the

external cavity is constant and this loss will be absorbed in the coupling term,

since both terms will remain constant during tuning.

For the phase region, assuming that the coupling efficiency is one and the r,

reflectivity is zero, then the reflectivity seen by the active region caused by the

phase region is given by

ra = f, exp (-j2-ypLp) (4)

where -yp is the complex wave number. Unlike the external cavity region, the losses

and index of refraction will change in the phase region because the number of

carriers will change with changes in the pumping current of the phase region. The

wave number is split up into the appropriate components to reflect this,

= ++ ap+ r a dP

where n is the index of refraction, Np is the carrier density injected into the phase

region, A is the wavelength of the propagating wave, 6,p represents the material loss
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in the phase region, and 1' is the confinement factor of the injected curient to the

waveguide section in the phase region.

The number of carriers in the phase region is related to the phase pumping

current(Ip) by recombination mechanisms given by,

Ip =e x vol,, x Np (A + BNp + CN') (6)

where vol,,g is the volume of the waveguide in the phase region and e is the charge of

a carrier. The constants A,B, and C take into account recombination mechanisms.

For the 1.3 4m bandgap phase region, values of 1.0 x188 /s, 4.0x10-17 m 3 /s, and

6.6 x 10- 41M6 /s, respectively were used for the constants.

We now solve the transcendental equation in eq.1 utilizing the above equations

to solve for the normalized detuning parameter (S = 6L) and normalized mode

loss (a = aL) as a function of the injected current. Taking into account the gain

wavelength profile, we determine which mode has the lowest threshold current and

consider this mode to lase. We assumed that the wavelength gain profile is a

linear function of the current density. Our analysis does not take into account the

hysteresis effect and, therefore, the maximum tuning range will be greater than

our theoretical predictions.[2 , l We also assumed the gain decreased quadratically

from its peak value to glve the gain(g) at the mode wavelength, A, by[6,7l

g = a(N- No) [1- (A - Ap)'] (7)

where No is the transparent carrier density and a is a multiplication constant. The

value used for a is 2.5 x 10-2 o m -2 . The wavelength peak, Ap, is given by[T,

AdA (N- No) (8)

where d is determined from the 1.3 um wavelength gain profile to be 5.44 x
dN

10-32 M4. 181 Utilizing the results from ref. [91, we can determine the wavelength

transparency value (Ap0 ) to be 1.643 Mim and the transparency carrier density to

be 8.Ox 1l 23m - 3 . The resultant wavelength gain profile can be seen in fig 2.
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By finding the mode which exhibits the lowest threshold carrier density, we can

determine the lasing frequency change from,

- 2fnL (9)

where c is the speed of light, and AS is the change in the normalized detuning

parameter from the initial condition(IP = 0).

3 Design Parameters

The tuning range of a PT-DFB based external laser structure pictured in figure 1

is analyzed. The solitary laser is assumed 'o have a 1.55 Am InGaAsP active region

and a 1.3 Am InGaAsP phase region of variable length. In our analysis the change

of the refractive index and the material loss are taken to be '_N'- = -4.2 x 10-27

m3 and A"- - 1.8 x 10-21 m2. 1'] The initial material loss is taken to be i = 20ANP

cm - '. The front facet is not coated and has an amplitude reflectivity of 0.5656.

The power feedback from the external cavity is 10% for a reflectivity of 0.3162. The

relationship for the carrier density from the injected current in the active region has

been determined with A = 1 x 10"/s, B = 8 x 10- '7 m 3/s, and C = 4 x 10- "' m6/s.5 1

We assumed the waveguide section hed thickness of 0.23 jim and a thickness of 1.2

Am while the length was left as a variable. The length, width, and thickness of the

active region of the DFB are taken to be 300, 1.5, and 0.1 Am, respectively. The

confinement factor of the lateral and transverse fields in the active region is taken

to be 0.4. Whereas, the confinement value of the injected current in the phase

region to the waveguide section was taken to be 0.27.

The first design parameter which will be considered is the placement of the

Bragg condition with respect to the wavelength profile gain curve in fig. 2. All

device parameters are understood to be the same as above and the normalized

coupling coefficient is 1.5. The length of the phase region is chosen to be 200

jim to illustrate all the possible lasing modes. The Bragg wavelength must be

placed such that over the variable gain change during tuning the lasing mode will

occur on or near the gain peak. This critierion is set so that the lasing mode is
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determined from the DFB grating and not the gain peak profile. By doing this,

Fabry-Perot(FP) modes will not lase and good mode selectivity is produced. In our

analysis, the threshold gain varied from a minimum of 240 cm - ' to a maximum

of 280 cm -1 . As a consequence from fig 2, we see that the wavelengths of the

gain peaks, for these respective threshold gains, are from 1.591 Am to 1.583 jm.

Therefore, the Bragg wavelength should be located around these wavelengths ;f FP

modes are not to lase.

The Bragg wavelength of 1.58 jm, proved to be the optimum value when con-

sidering the gain profile and its lasing characteristics can be seen in fig 3 for a length

of 200 jim; our results predict that the maxrmum continuous frequency tuning is

50 GHz from the 1.6 mA to 14 mA region with a normalized coupling coefficient

of 1.5. In this region, in which the lasing is taking place on the shorter wavelength

side of the Bragg wavelengths, the frequency tuning is approximately linear at the

end of the tuning range. Initially, the tuning rate was 11.79 GHz/mA, and, at the

end of the tuning, the rate fell to 2.752 GHz/mA. The approximate linear tuning

range was 25 GHz wide, which is ideally the kind of tuning desired, with a tuning

rate of 4.0 GHz/mA ± 1.5 GHz/mA.

The next design parameter which is analyzed to determine its effect on tuning is

the normalized coupling coefficient. Generally speaking, the r.L value should be as

close to 1.25 as possible so as not to introduce spacial hole bu:ning which increases

the linewidth.1'0 The power associated with the nearest side mode which is given

by the side mode suppression ratio(SMSR) must also be considered. The KL value

was varied between 1.0 and 2.0 to determine the effects on tuning with all other

parameters constant. From our results, the maximum tuning range for KL =1 is 51

GHz, however, FP modes lased which makes use of this coupling coefficient useless.

At the highest coupling coefficient of KL =2, the maximum tuning range was 40

GHz from the -393 GHz to -353 GHz frequency range. Although the high coupling

gives greater SMSR, as can be seen in fig 4, the increased mode selectivity factor

was only increased by an average increase in the threshold current of 0.05 nA,

while the continuous tuning decreased by 15 GHz. Thus from these results the

optimm value for the normalized coupling coefficient was 1.5.
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From previous results(fig 3) we see that for a phase length of 200 Am lasing

jumps back and forth and back again. Ideally, considering limitations on cleaving

techniques, we want only two complete modes to lase only once, because there is

no need for repetition. Since an exact length within a few percent of the lasing

wavelength can not be made, an initial random phase fluctuation is introduced in

each laser chip. One could either lower the injected current or reduce the phase

length to get rid of the repetitious modes. Since decreasing the injected current

does not lead to increasing the production yield, we looked at reducing the length

of the phase region. We took the maximum injected current level which is limited

by the isolation resistance and recombination mechanisms to be 100 mA. We varied

the phase region length between 50 and 200 Am and observed the effects on tuning.

The optimum tuning length was 100 Am which gave us two complete mode jumps we

were looking. A synopsis of results for various Bragg wavelengths and normalized

coupling coefficients can be seen in fig 1 for a phase region length of 100 Aim. The

optimum conditions determined by the same methods above yielded a KL value of

1.5 and a Bragg wavelength of 1.58 jim. At these optimum parameters, we observed

a higher tuning range of 55 GHz than at the 200 jm phase length as can be seen

in fig 5. This is due to the lesser losses occurring for the injected current with a

smaller phase region length as can be seen is eq. 4 and eq. 5. Also the tuning rate

was lower starting off at 6.49 GHz/mA and ending at 0.81 GHz/mA at 2.4 mA

and 40 mA, respectively.

The last mode on the high end of the tuning current region appears to have a

very linear continuous tuning. This has an initial tuning rate of 0.645 GHz/mA

and a final tuning rate of 0.352 GHz/mA over a continuous tuning range of 25.5

GHz, which was limited by the 100 mA of maximum injected current to the phase

region. Although, operation in this tuning region appears very attractive, there are

limitations caused by high losses and isolation resistance between the phase region

and active region.

The next parameter analyzed is the effect caused by introducing phase fluctu-

ations at the grating edge as mentioned previously. As we can see in fig 6, varying
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Bragg Tuning
Wavelength Range

(yim) (GHz)

1.57 58
1.575 58
1.58 55

1.585 51
1.59 50

Normalized Continuous
Coupling Tuning

Coefficient Range (GHz)

1.0 53
1.25 59
1.5 55

1.75 50
2.0 47

Table 1: Results for a phase region of 100 tim; I variation of Bragg

Wavelength(KL = 1.5), ii- variation of KL(ABugg = 1.58im).
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the initial phase only rotates the tuning region frequencies with respect to the in-

jected current. As the initial phase fluctuated, the maximum continuous tuning

region rotated toward the middle current range and the maximum tuning region

became more linear. For random phase fluctuations with a length of 100 jim and

an initial phase fluctuation of 1, the tuning rate started at 3.73 GHz/mA and

ended at 0.696 GHz/mA in the current range from 7.2 mA to 60 mA. This had a

near linear continuous tuning range of 29.5 GHz for the linear region given by 0.77

GHz/mA±0.28GHz/mA. For the random phase of 1 the rate was 1.14 GLtz/mA

at the current of 12.9 mA and 0.45 GHz/mA at the current of 85.6 mA. The max-

imum continuous tuning range remained the same at 55 GlIz with random phases

introduced.

4 Conclusions

From our results for the type of structure analyzed one can see that the normalized

coefficient and phase region length play the biggest determination in the tuning

range. To obtain a wide tuning range a normalized coupling coefficient of 1.5

or better is needed to provide good mode selectivity bearing in mind that the

linewidth is reduced by over coupling the laser cavity. If accurate data on gain

curves and variable gains are not accessible, then the use of a higher normalized

coupling coefficient is needed. Phase lengths must be of the order of 100 itm are

needed to produce a linear tuning region of approximately 28 GHz.
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1 Introduction

Coherent fiber optical communication systems(COFOCS) have a much bet-

ter sensitivity and increased channel selectivity over direct-detection intensity

modulation(DD-IM) communication systems. Multichannel systems have been

proposed which would exploit the low-loss window of silica-based fibers. How-

ever, presently solitary semiconductor lasers do not possess the narrow linewidth

requirement for COFOCS which utilize the most stringent encoding schemes that

offer the best performance improvement. To decrease the linewidth of solitary DFB

lasers, external cavities have been added to increase the lifetime of the photons in

the cavityPl2 1 By utilizing the strong feedback regime when the power feedback is

greater than 10%, [31 these optical sources reduce the solitary linewidth and have

greater insensitivity to reflected feedback. One structure utilizing a single mode

fiber as an external cavity had a reduction of the solitary linewidth by 1000 fold

and was insensitive to a -20dB reflective feedback.[l]

Our work will characterize the critical parameters which will determine the

reduction in the linewidth. By starting with the solitary linewidth we will develop

into the external cavity linewidth. While doing this we will keep in mind the three

different architectures generally used; DFB + GRIN-rod, DFB + Mirror Cavity,
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and DFB Single-Mode Fiber. An example of the type of structure being

analyzed is seen in fig 1.

2 Theoretical Consideration

2.1 Solitary Linewidth

We start with the linewidth of the solitary DFB laser which can be derived from

the Shawlow-Townes expression and taking into account the linewidth broadening

we get,*]

_ n,pv'hva, (am + ajo (1 + ) (10)
87r PI

where v. is the group velocity, hv is the energy of the photon emitted, ait is the

sum of all the internal losses, n , is the spontaneous emission factor, P is the output

power from the facet, a, is the cavity loss, and a is the linewidth enhancement

factor. These parameters will be developed more to give a complete understanding

of the linewidth parameter.

The spontaneous emission factor is given by

1

= - exp(-I-)

where eV is the quasi-Fermi level seperation, T is the absolute temperature and

k is Boltzmann's constant. The mode loss can be determined from the threshold

equation for a DFB laser given by Is]

rj- ) rb-r exp(2i'yL) 1 (12)

where r is the effective DFB reflection coefficient, rab are the effective reflectivities

of the facets which take into account the losses of the phase and external cavity,

-y is the complex wave number, L is the active region length of the DFB. The

propagation factor in the active cavity region is given by
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=:'A 32(13)

where A4 is the difference between the mode propagation constant and the Bragg
wavelength, and /c is the value of the coupling coefficient. The A'3 can also be ex-

pressed in terms of its real and imaginary parts given by the detuning parameter,6,

and the mode loss, -. The linewidth enhancement factor, a, is the ratio of the

change of the real part of the refractive index to the imaginary part of the refractive

index during relaadtion oscillations.

The effective reflectivity in its most general form is given by [6i

ra ,2 = + 1, 2 (i - r,)f- r 2 2 fl,2 exp (-j2,LP,)(14)

1-rl,2 fl1 2 exp (j2-yP,LP,)
where the phase region is signified by p, the external region is signified by ex, and

the first indices corresponds to the phase region and the second corresponds to

the external region. It is assumed as in ref.[6] that the reflectivities, coupling, and
transmission coefficients are equal whether seen from the inside of the laser cavity

or the external cavity interface. It is also assumed that forward and backward

transmission coefficients are equal multipling together to give the (I - r ,2) term.

A numerical calculation of the linewidth for a typical solitary DFB laser

linewidth of length 250 jim operating at 1.55 Aim is as follows. For an output

power of 2 mW, n,P of 1.7, am, = 60 cm-laint = 44 cm - 1, a of 5.4, and vg of

0.75x 1010 cm s - 1 we get a value of 45.47 MHz for the solitary laser linewidth.[71

2.2 External Cavity

With the addition of an external cavity in the high feedback regime, the linewidth of

the structure is reduced. In essence, with the addition of the external passive cavity,

the laser structure can be considered as an extended cavity laser with the DFB

acting as the active region. By adding a passive cavity one increases the number

of photons in the cavity and decreases the spontaneous emission rate according to

the ratio of the total cavity power to the power in the semiconductor cavity or its

inverse, respectively.
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From 3i the linewidth with the addition of an external cavity laser for a FP

laser is given by,

4 W E 1 (15)

where,

W = t In (r, rb (w) I) - x [ + l (- w (16)
L ( (W) )2

and,

F= I + 1Rer(,, j )) - Imr (Jrb 1 dwb(W) (17)
7in b (w ri, rb(W) dw )

where ri, is the round-trip time according to the group velocityvg, or the reciprocai

mode spacing of the solitary laser. W represents the ratio of output power,Po, to

the photon number in the cavity and F gives the effective frequency dependence

on the feedback. Recognizing that the -!n (r, Irb (w) I)- is the mirror loss of a

FP laser with the rear facet of rb, we can relate the mirror loss to the mirror loss

of the DFB laser. From which we get

- v 9 n3 (a.mnt +")WF (1+ a2) (18)

where,

w = V <va, x 1 + rb (W) 2 (19)

and F remains the same as before, and a, is the mirror loss of a DFB with a rear

facet rb and ri, corresponds to the mode spacing of the DFB with rb as the back

facet.

With the rear facet of the semiconductor cavity zero, the reduction in the

solitary linewidth is given by 181

2 (0
AV = AV,0 + r - (20)

;'in/
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w.nere .-':.,, i itie solitary laser linewidth with its rear facet equal to the effective

feedback of the external cavity, r,, is the reciprocal mode spacings and r: is the

round trip time in the external cavity(r., = 2Lexnez/vgex). The reciprocal mode

spacing for a DFB can be determined from the threshold condition for a DFB.

The difference between the lasing mode and its nearest side mode can be expressed

in terms of the normalized detuning parameter. From which the time a photon

spends in a DFB laser is equal to

27r LnC i,,, n (21)

where c is the speed of light, n is the refractive index in the laser cavity, L is

the length of the active region and A&Lm is the difference between the normalized

detuning parameter(6 = 6L).

3 Design Parameters

The first parameter which will be analyzed is the criterion for a power feedback

of 10% which is needed to operate in the high feedback regime. Equation 14 gives

the effective amplitude reflectivity feedback in terms of the rear facet, r2, r7, the

coupling efficiency, and the cavity facet reflectivity. Since r 2 must be small, so that

the device operates as an extended cavity laser, we set this value to an empirically

used value of 0.0707. The coupling efficiency is varied for the different typesw of

cavities used. Therefore, we found the minimum value for f 2 which would give

the 10% power feedback required. Our results are shown in fig. 7 in which the

coupling efficiency is varied and the value of f2 is determined. From this picture, a

coupling efficiency of at least 27% is needed to operate in the high feedback regime.

From this diagram, one can determine the facet reflectivity needed for the type of

external cavity structure used.

The next parameter, the linewidth reduction, is dependent upon the operation

point of the DFB laser which changes with tuning. Fig 8 shows the frequency

tuning of the structure versus injected current into the phase region. As tuning
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Figure 7: Minimum value needed for facet reflectivity versus the two-way coupling
efficiency, ?7
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takes place the operation point of the DFB laser changes and this causes the amount

of reduction of the solitary linewidth to change. Fig 9 illustrates the threshold

current of the lasing mode. This figure gives us an approximation of the solitary

laser linewidth versus tuning since the threshold current is proportional to the sum

of the mode loss and the internal loss. From figure 3, we can see, in the maximum

continuous tuning range(3.7mA-40 mA), the threshold changes from 19.7 to 18.8

mA which corresponds to a decrease of 13.5% in the losses. Thus we expect the

solitary linewidth would also change by about a factor of about 20% over the

tuning range. The reduction change with tuning for various normalized coupling

coefficients (nL) can be seen in figure 4. Previously the r.L value of 1.5 was found to

be optimum for tuning. For this value the linewidth reduction changes from 5231

to 4600 for an external fiber cavity of 5.5 cm. Thus we must chose the external

cavity length with the minimum reduction factor of 4600 over the maximum tuning
range.

The effect coupling has on the laser linewidth reduction can also be seen in

fig 10. The higher the coupling coefficient, the less the linewidth reduction of

the solitary linewidth. Physically, the greater the tcL value tends to store more

power in the laser cavity, thereby reducing the ratio of the total structure power

to semiconductor power stored.

From equation 20 we see as the external cavity gets longer the solitary linewidth

reduction factor gets larger. In our analysis, there is not a linewidth floor , however,

experimentallyMg! and theoreticallyllo a floor exists on the absolute linewidth in the

range of 10 to 20 kHz. Since requirements for practical systems of PSK homodyne

detection systems at bit rates of 140 Mbits/s or greater do not need such a narrow

linewidth, our analysis is correct. In fig 11 we have plotted the linewidth reduction

for external cavities of different index of refractions corresponding to an air cavity

and a single-mode fiber cavity or GRIN-rod cavity. We see that the reduction is

much less for fiber or Grin-rod cavities. Since GRIN-rod cavities only come in

lengths of maximum 4 mm, the maximum reduction for a GRIN-rod cavity is 34.

Comparatively, a thousand fold reduction in the linewidth for an air cavity would

require a length of 38 mm while for a single-mode fiber cavity the length
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DFB-ECSL FOR COFOCS

BIT RATE=140 MBITS/SEC

Modulation Demodulation Linewidth Structure Optimum Length[mm

ASK Heterodyne 14 MHz Solitary DFBt

FSK with envelope to GRIN-rod 4.0

Detection 70 MHz

DPSK Heterodyne 420 kHz Fiber Cavity 8.5 - 7.0
with delay time to Mirror Cavity 12.5 -9.5
demodulation 700 kHz

PSK Heterodyne 420 kHz Fiber Cavity 14.5 - 7.0
to Mirror Cavity 22.0 - 9.5

700 kHz

PSK Homodyne 70 kHz Fiber Cavity 21.5 - 7.0
to Mirror Cavity 32.0 - 9.5

140 kHz

tMost practical structure is shown in italics.

Table 2: Summary of length requirements for the different structures used with

differentmodulation schemes.
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DFB-ECSL FOR COFOCS

BIT RATE=565 MB V- r/SEC

Modulation Demodulation LinewidLh Structure Optimum Lengthmml

ASK Heterodyne 56 MHz Solitary DFB

FSK with envelope to
Detection 282 MHz

DPSK Heterodyne 1.7 MHz GRIN-rod 4.0
with delay time to Fiber Cavity 3.5 - 3.0
demodulation 2.83 MHz Mirror Cavity 5.5 - 4.0

PSK Heterodyne 565 kHz Fiber Cavity 7.0- 3.0
to Mirror Cavity 10.5 - 4.0

2.83 MHz

PSK Homodyne 282 kHz Fiber Cavity 10.5 - 7.0
to Mirror Cavity 15.5 - 10.5

565 kHz

tMost practical structure is shown in italics.

Table 3: Summary of length requirements for the different structures used with
different modulation schemes.
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DFB-ECSL FOR COFOCS

BIT RATE=1.2 GBITS/SEC

r ]
Modulation Demodulation Linewidth Structure Optimum Length[mm I

ASK Heterodyne 120 MHz Solitary DFB

FSK with envelope to
Detection 600 MHz

DPSK Heterodyne 3.6 MHz GRIN-rod 4.0
with delay time to Fiber Cavity 2.5 - 1.5

demodulation 6.0 MHz Mirror Cavity 3.5 - 2.5

PSK Heterodyne 1.2 MHz Fiber Cavity 4.5 - 1.5
to Mirror Cavity 7.0 - 2.5

6.0 MHz

PSK Homodyne 600 kHz Fiber Cavity 7.0 - 4.5
to Mirror Cavity 10.5- 7.0

1.2 MHz

'Most practical structure is shown in italics.

Tabl 4: Summary of length requirements for the different structures used with

diffe:ent modulation schemes.
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DFB-ECSL FOR COFOCS

BIT RATE=2.4 MBITS/SEC

Modulation Demodulation Linewidth Structure Optimum Lengthrmm i

ASK Heterodyne 240 MHz Solitary DFB
FSK with envelope to

Detection 1.2 GHz

DPSK Heterodyne 7.2 MHz GRIN-rod 4.0
with delay time to
demodulation 12.0 MHz

PSK Heterodyne 2.4 MHz GRIN-rod 4.0
to Fiber Cavity 1.0- 3.0

12.0 MHz Mirror Cavity 4.5 - 1.5

PSK Homodyne 1.2 MHz Fiber Cavity 4.5 - 3.0
to Mirror Cavity 6.5 - 4.5

2.4 MHz

'Most practical structure is shown in italics.

Table 5: Summary of length requirements for the different structures used with
different modulation schemes.
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-c':i ired need only be 26 mm.

Different modu!ation schemes and detection schemes require different linewidth

at their appropriate bit rates. In tables 2 to 5 we have listed the required lengths

for the respective structure. In these tables, the solitary linewidth of the DFB is

assumed to be 50 MHz. Also, the preferred structure is labeled based on the length

of the cavity. When reductions from the solitary linewidth are less than 34, the

most pract*,'al structure is a GRIN-rod cavity due to the small size of the cavity.

Above this value, the practical structure is the fiber cavity. It requires shorter

lengths than the mirror cavity and is less susceptible to perturbations in the air of

the cavity.

4 Conclusions

From our results, we can see that a two way coupling efficiency of at least 0.25 is

needed to operate in the high feedback regime. The greater the coupling efficiency,

the less the requirement on the rear facet reflectivity needed. Also, the length of

the external cavity is very critical in the determination of the absolute linewidth of

the laser. For reductions in the solitary linewidth of 34 or less, the GRIN-rod cavity

is the most practical. For reductions in the solitary linewidth greater than 34, the

single-mode fiber cavity is the most practical. The length of the external cavity

required depends greatly on the solitary linewidth and the linewidth required from

the system which depends upon the bit rate, modulation system and the error-free

transmission rate required.
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Linewidth Calculations in Tunable External Cavity

Fabry- Perot Semiconductor Lasers with Strong

Frequency-Selective Feedback for Coherent Lightwave Systems

I. Introduction

Significant research is being carried out in the world on various aspects of coherent

fiber optical communication systems (COFOCS), devices and systems, because they offer

two distinct advantages: (i) increased sensitivity (5-20 dB) and (ii) increased selectivity

(100 MHz instead of 100 GHz) over direct-detection intensity modulation optical commu-

nications systems used these days. Semiconductor lasers are preferred as practical sources

for COFOCS since they have the potential to be packaged robustly. For coherent optical

communication sytems, semiconductor lasers need to have fairly narrow linewidths (AV,).

The exact requirement depends on the modulation format used (ASK, FSK, DPSK or

PSK). Linewidths typically in the tens of kHz to tens of MHz are required .r data rate

in the hundreds of MHz range. Another important required feature in the coherent source

is tunability, especially in the local oscillator to select the various channels transmitted

simultaneously through the single-mode fiber. To obtain these features, various types of

externq, cavity structures are being developed. These include C' [1], GRECC [21, fiber-

external cavity r3 , external mirror 141, bulk diffraction grating [51-16], fiber diffraction

grating '7 etc. Linewidth reduction from the solitary laser linewidth is obtained in all

these structures. These external cavity semiconductor lasers (ECSL) are based on the fact

that the characteristics of the laser diode are affected by optical feedback. Among all the

reported structures, ECSL with strong feedback, i.e., frequency selective feedback from a

bulk diffraction grating, appears to be the most promising in terms of narrow linewidth

and tunability. Wyatt et al. [5i have obtained the narrowest linewidth (--- 1 kltz) and the

widest tuning range (--- 135 nm or - 16000 GHz) with this arrangement.

The important design patameters of the ECSL which affect the linewidth are: optical
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Ie,'dback ratio, reflectivity of the laser facet nearer to the feedback component, frequency

detuning of the optical feedback, and the external cavity length. We have previously re-

ported, only in abstract form, the dependence of AL on these parameters [8s, and obtained

good agreement with published experimental results. We now give more details of the

analysis with further details of the optimum cavity length for minimum linewidth.

II. Theoretical Development

The configuration shown in Fig. 1 will be considered in this paper. ri, r2 and r3 are

the amplitude reflectivities of the diode facets and grating reflector respectively. t2 is the

transmissivity. n is the refractive index in active region of the solitary laser. ri, and rez

are the round trip time in the solitary laser and external cavity respectively. r is the cavity

coupling coefficient between two cavities. The effective reflectivity rf f can be written as

r 2 + r3(r + i. 2 t2)exp(-j6) (

reff 1 + r 2 r3 exp(-j6) = r ee (

where 6=47rLez/A, is a phase detuning. A, is the tunable wavelength due to diffraction

grating.

In the analysis of a coupled optical resonator, the amplitude of the single longitudinal

Fabry-Perot cavity mode becomes a dynamic variable. The change of the mode amplitude

is governed by the field equation follows as !9!

d E(t) -AG - iw)E(t) -+ kE(t - rj,), (2)
dt 2

where AG is the deviation from the threshold value in sec - 1 , and w is the frequency of

the mode, k is the feedback coupling coefficient.

From this field equation, we may obtain j10j-r13j the spectral linewidth AL/e, for the

ECSL with strong feedback as

A A Lo , (3)
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w elc r : is the solitary laser linewidth with r- = r, in equation (1) and Leff is the

effective external cavity length and is given by i<01],1

L fsf = L0  1 + _1_ d p(w) + r,(w)]) (4)

where r', is the round trip time with group velocity. We may express Leff for 6=0 and

t=l as

Leff Lo 1+ Tez r3(1 - r2) 25
Leff L0  + T:,1 r3(1 + r2) +i r2(1 +r) 5

Henry [141 has derived the linewidth of a solitary laser as

v2 hgonspao
V. g 8 rP (1 + a2), (6)

87rP

where v. is the group velocity, hv is the bandgap energy, go is the threshold gain, ao is the

mirror loss, n,p is the spontaneous emission factor, a is the linewidth enhancement factor,

P is the output power.

When an ECSL is assembled, some parameters in equation (6) change their values.

These are v, go, nsp, ao, and P. The value of a will change if the optical feedback is

coherent, because the increased stimulated emission rate due to feedback is proportional to

the feedback intensity as long as it is coherent; whereas the spontaneous rate is independent

of coherent feedback. These changes in parameter values are important and obviously

affects the linewidth. Substituting equation (6) into (3) we can obtain

LzL/ez~a.M ( LLo) 2AlM Lf , (7)

where Al represents changes in the parameter values and is given by

2gt~wam~wfc rt 1-r
(w),,. (w) 1+ 2) (8)
goao r, 1- rj

where t(w) and ,,(w) are the threshold gain and mirror loss in compound cavity laser,

arid f: is a correction factor considering the AR coating [12].
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Before we state the expression for gt(w) in equation (8), we need to consider the

n.onlinear gain effect due to strong optical feedback. This nonlinear gain results mainly

from both spectral and spatial hole burning. There is a gain reduction in the Fabrv-Perot

modes due to hole burning [131. In other words, there is an induced absorption 6or, which

is responsible for the side mode suppression [151. Thus gt(w) can be written as

9t(w) = at + ba + am(w), (9)

where at is the medium loss in the active region and am(w) is given by

1 1
am(w) o Inr- (10)

Even though equation (3) predicts that the linewidth is a linear function of L -, this

relationship does not hold for long external cavity lengths. Kuo and Ziel [161 have observed

this dependence in the linewidth reduction of ECSL with strong feedback, as long as Lex is

less than - 7 cm. Clearly, the cavity Q factor increased with the addition of the external

reflector. This enhancement of th, Q factor is responsible for the reduction in spectral

linewidth. However, the maximum value of the Q factor in an ECSL operating in the

single mode regime is limited by the excitation of satellite modes and dispersive mode

coupling [171. The maximum value of Luff in equation (7) for the minimum linewidth can

be written as [17]

I+ 27rri, ALI,/"

If we put Kc=0.5, L 0 =250 jim, Aw8 =20 MHz, M=:4, we find that the minimum achievable

linewidth A,, is 180 Hz. When A,=100 MHz for a solitary 1.55 Jim laser with 1mW

output, the minimum AL,., calculated gives 5.6 kHz. Olsson and Ziel [6] obtained Avez= 7 .4

kHz with L,.,=18 cm. Thus the theoretical prediction of equation (11) gives excellent

agreement with experimental data. Therefore, the minimum or limiting value of AVe.

depends on the solitary laser linewidth. Fig. 2 shows the minimum , as a function of

ALI,,. When ALI, is greater than about 1 GHz, we shall consider the spectral bandwidth

180



of tite optical feedbick i~l In this paper we ignore the ,oheIefnce p:mping effect due to

ihe narrow band feedback (<I G Hz).

III. Numerical results

It is well known that very small optical feedback (- 10-6) affects the dynamic charac-

teristics of semiconductor lasers. We initiated the numerical calculations with very small

optical feedback to simulate this phenomena. As shown in Fig. 3, there is a linewidth fluc-

tuation with very small values of R 3 . This figure is in good agreement with the phenomena.

This also implies that the linewidth equations derived in the previous sections work for

the weak feedback regime. We shall examine the effects of four critical parameters: r 2 , r 3 ,

L.., and frequency detuning.

The frequency detuning can be defined as [5]

65w= x 360, (12)Aw

where bw is the frequency detuning from the spontaneous emission peak in the gain spec-

trum, and Aw is the internal mode spacing of the semiconductor laser. Fig. 4 shows the

dependence of the lorentzian linewidth, normalized to 1 mW, on the detuning angle (€)

from the exact resonance condition. We have shown detuning both for -0 and +€ (-0

means external cavity mode is on the longer wavelength side of Fabry-Perot longitudinal

mode). Hence the direction of the detuning is of critical importance. Also, for -0 tuning,

a minimum linewidth of 110 Hz exists at € = -154' for the cavity parameters indicated,

but, if not controlled effectively, can result in large broadening at 4 = -188' and -314'

with linewidths of 63 kHz and 100 MHz respectively. The unstability for small angles of

-,0 is clearly observed as commented in Ref [5]. Fig. 5 shows the linewidth fluctuation

dependence on the detuning angle with the reflectivity of the AR coated facet as a pa-

rameter. This figure indicates that R 2 needs to be much less than about 0.5 % for the

linewidth stability regardless of feedback detuning.
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Fig. 6 shows the linewidth dependence on R2 with R3 as a pararreter, for fixed viau:3

of Lez=10 cm and 0=0. We can conclude that it is more important to have very low

values of R 2 (<5 %) than high values of R 3 (>10 %). This is further confirmed in Fig.

7 where we show the dependence of the linewidth on R3 with R 2 as a parameter. As we

can observe, the linewidth increases substantially for very low values of R 3 , <1 %. Small

changes in the cavity parameters, in this low feedback region, due to external perturbations

or internal frequency beating, causes instability. For instance, the internal field in the gain

medium with frequency w0 will interact with an injected optical field. When the feedback

has a relatively wide frequency bandwidth, induced polarization occurs, which contains

combination frequencies wi± n(wO - wi), where n=1,2,3,... The different polarizations at

these beat frequencies in turn result in a change of the carrier density in the compound

cavity modes. This change seems to be enough to cause linewidth instability. Thus, we

need to have R3 greater than - 10 % for the stable operation. Fig. 8 is different version

of Fig. 7. Fig. 8 also shows the dependence of the linewidth on R 3 by considering spectral

density. As we can see, the lorentzian linewidth becomes narrower with stronger optical

feedback.

Fig. 9 illustrates the linewidth as a function of the external cavity length with R 3 as

a parameter and fixed values of R 2 =4 % and 0=0. The linewidth is a linear function of

L- 2 and the slope of the curve depends on R 2 , R 3 . The smaller the optical feedback, the

more susceptible the linewidth is with the variation of the length of the external cavity.

The dashed line is the minimum achievable linewidth, Avez=5.6 kHz for Av.=100 MHz,

from the equation (11). From this figure we obtain the optimum length of external cavity,

L,,= 22 cm, 18.6 cm, 17.2 cm for R3 = 0.1, 0.3, 0.5 respectively. This consideration of

optimum length of external cavity is of critical importance in the design of ECSL.

IV. Discussion and conclusions

When we formulate effective reflectivity, we ignore tlie polarization of lasing field.

182



ttowever, the reflectivity depends strongly on the polarization of the field. I, 1:as beer,

observed that the degree of polarization decreases with detuned feedback, while it in-

creases with the tuned feedback [191. But the dependence of reflectivity on polarization in

diffraction grating is the subject of further study.

The stability of ECSL with strong feedback mainly depends on that of the internal

Fabry-Perot mode. The internal mode instability due to loss modulation and mode hopping

causes the fluctuation in frequency and amplitude of the lasing field. The stability in

both frequency and amplitude is very susceptabe to the environmental factors such as

temperature and pressure. Small variations of these parameters cause a change in the

cavity length, refractive index, threshold current and gain spectrum, etc. For instance,

temperature variation causes the shift of the gain peak at 5 A/°C and internal mode at

0.8 A/°C [201.

In summary, we have shown that the linewidth of strong feedback ECSL is strongly

dependent on R 2 , R 3 , Le, and frequency detuning of the feedback. Also, control and

direction of frequency detuning is important; otherwise AV., can increase drastically.

Linewidth less than 10 kHz and having very small fluctuations can be obtained with

R 2  0.5 % and high R3 (>30 %). From the minimum values of Ave, we can easily obtain

the optimum length of external cavity. Therefore we may design relatively short strong

feedback ECSL with stability.
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Fig. 1: The configuration of the FP-ECSL with strong

feedback.
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Fig. 2 The mninimumn (limiting) linewidth in FP-

EC-SL as a function of solitary laser linewidth (n-the cavity

coupling coefficiency is the parameter).
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Fig. 53 Linewidth variation as a function of detuning

aingle with R 2 as pararnetcr (R 3 =0O.15, L,,=10 cmi).
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Fig. 6 :Linewidth variation as a function of R 2 with

R3as parameter (0p=0, Lez=lO cm).
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Fig. 7 : Un ewidth dependence on R3 for various values

of RP2 (0=0, L,7=1O cm).

-ic

U

,"4.00 0.25 0.50 0.75 1.00

P3

192



C0

0

11
U]O

o R 3 = 0%

rr- 10%
20%91

U]J 30%56
aL-
Cf) 0

0 -2-00 -. 00- 0.00 1 .00 2-00
FREQUENCY. GHz

Fig. 8 :Spectral density of lorentzian lineshape as a

function of R 3

193



Fig. 9 Linewidth dependence on the external cavity

length with R3 as parameter (0=0, R2 =0.04).
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Abstract

Linewidth calculations in external cavity semiconductor lasers (ECSL) are pre-

sented. The important design parameters of the ECSL which affect the linewidth

are: optical feedback ratio, reflectivity of the laser facet nearer to the feedback com-

ponent, frequency detuning of the optical feedback, the external cavity length, and

feedback bandwidth. By analizing the effects of these parameters on the linewidth,

we can identify their optimum values for the stable operation of the external cavity

laser.
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Significant ",',arch is being carried out in the world on various aspects of coher-

ent fiber optical communications (COFOCS), the devices and systems. Semiconduc-

tor lasers are preferred as practical sources for COFOCS since they have the potential

to be packaged robustly. For coherent optical communication systems, semiconduc-

tor lasers need to have fairly narrow linewidths (Av). Linewidths typically in the

tens of kHz to tens of MHz are required for data rate in the hundreds of MHz range.

Another irnporLant reqaired feature in the coherent source is tunability, especially in

the local oscillator to select the various channels transmitted simultaneously through

the single-mode fiber. To obtain these features, various types of external cavity

structures are being developed. The external cavity semiconductor lasers (ECSL)

are based on the fact that the characteristics of the laser diode are affected by the

optical feedback. Among all the reported structures, ECSL with strong feedback,

i.e., frequency selective feedback from a bulk diffraction grating, appears to be the

most promising in terms of narrow linewidth and tunability.",2 Wyatt et al. have

obtained narrow linewidth (- 1 kHz) and the wide tuning range (- 135 nm or -

16000 GHz) with this arrangement.'

The important design parameters of the ECSL which affect the linewidth are:

optical feedback ratio, reflectivity of the laser facet nearer to the feedback component,

frequency detuning of the optical feedback, the external cavity length, and feedback

bandwidth. We have previously reported, only in abstract form, the dependence of

Al on these parameters3 , and obtained good agreement with published experimental

results. We now give more details of the analysis with further details of the optimum

cavity length for minimum linewidth.

The configuration shown in Fig. 1 (a) will be considered in this paper. r1 , r 2

and r 3 are the amplitude reflectivities of the diode facets and the grating reflector

respectively. t 2 is the transmissivity. n is the refractive index in the active region of

the solitary laser. rez is the round trip time in the external cavity. r. is the intensity

coupling coefficient between the two cavities. The effective reflectivity r,fl can be

written as

ref r2 + r3 (r + 2) exp(-j6) = r. exp(j4), (1)
1 r 2 r 3 exp(-j)
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where 6=4,TrL,.' A is a phase detuning. Ai is the tunable wavelength due to the

diffraction grating.

In the analysis of a coupled optical resonator, the amplitude of the single lon-

gitudinal Fabry-Perot cavity mode becomes a dynamic variable. The change of the

mode amplitude is governed by the field equation follows as 4

+---d1---l d [(w)+ a In r, (w ) ) d-E(t) = -(1 - ia)E(t), (2)
r, dt2

where _AG is the deviation from the threshold value in sec - 1, and w is the angular

frequency of the mode, a is the linewidth enhancement factor, and r7n is the round

trip time with group velocity.

From this field equation, we can obtain the spectral linewidth Avz for the ECSL

with strong feedback as4- 7

Av' = •iO. (Lo 2  (3)

where Avo is the solitary laser linewidth with r 2 = r, in equation (1) and Leff is

the effective external cavity length and is g:-en by 4,7

Leff = Lo 1 + -- d[¢(w) + alnr,(w)]). (4)
Tin d

We can express Luff for 6=0 and K=1 as

Lff= Lo + re.r_ r3(1 - ) )rinr l~ 2) -+-r2(1 + r3) " 5

Henry has derived the linewidth of a solitary laser as 6

v 2 hvgo N.P ao
9i' V /o (I + ,a2), (6)

where v9 is the group velocity, hv is the bandgap energy, go is the threshold gain, ao is

the mirror loss, Po is the output power, and Np = Knp. k is the gain guiding factor

representing the astigmatism of the diode radiation, and n.p is a factor representing

the incomplete inversion of the population.

When an ECSL is assembled, some parameters in equation (6) change their

values. These are /, go, Np, ao, and P. These changes in parameter values are
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m1.portant and obviously affects the linewidth. Substituting equation (6) into (3) we

= b •2, (7)
* .(Leff)

where Ml represents changes in the parameter values and is given by

2 \-
- 2gt(w)aM(w)P)fc + rl 1 - r e (8).M= goaoP(w) ( +e ,18go&-OPMr, 1 - r 2

where gt(w) and Qm(w) are the threshold gain and mirror loss in the compound

cavity laser, P(w) is the output power with feedback, and f, is a correction factor

considering the AR coating. 6

Even though equation (3) predicts that the linewidth is a linear function of L -2 ,

this relationship does not hold for long external cavity lengths. Kuo and Ziel have

observed this dependence in the linewidth reduction of ECSL with strong feedback,

as long as Le is less than - 7 cm.8 Clearly, the cavity Q factor increased with the

addition of the external reflector. This enhancement of the Q factor is responsible for

the reduction in spectral linewidth. However, the maximum value of the Q factor in

an ECSL operating in the single mode regime is limited by the excitation of satellite

modes. Thus, the maximum value of Leff in equation (7) can be written as9

Lmaxz L 0 1+ 2irr " (9)

If we put r.=0.25, L 0 =250 /pm, Av,=100 MHz, M=4, we find that the minimum

achievable linewidth Av,, is 5.6 kHz. Olsson and Ziel obtained AL,e=7.4 kHz with

Lez=18 cm. 2 Thus the theoretical prediction of equation (9) gives good agreement

with experimental data. Therefore, the minimum or limiting value of AVz depends

on the solitary laser linewidth. Fig. 1 (b) shows the minimum ALez as a function

of A/.'8. When AV,, is greater than about 1 GHz, we shall consider the spectral

bandwidth of the optical feedback.

Fig. 2 (a) shows the linewidth dependence on r2 with r2 as a parameter, for

fixed values of L,=1O cm and 0=0. We can conclude that it is more important to

have very low values of r2 (<5 %) than high values of r2 (>10 %). This is further

confirmed in Fig. 2 (b) where we show the dependence of the linewidth on r2 with

r2 as a parameter. As we can observe, the linewidth increases substantially for very
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, 'vs of r, <1 . Smal1 changes in the cavity paraneters, in thiz low feedback

region. it- to external perturbations or internal frequency beating, causes instability.

Thus r , eed to have r:3 greater than - 10 % for the stable operation.

F ;illustrates the linewidth as a function of the external cavity length with

r. as a parameter and fixed values of r2=4 % and P=0. The linewidth is a linear

function of L 2 and the slope of the curve depends on r-, r2. The smaller the optical

feedback, the more susceptible the linewidth is with the variation of the length of

the external cavity. The dashed line is the minimum achievable linewidth, Ave,=5.6

kHz for Av,=100 MHz, from the equation (9). From this figure we obtain the

optimum length of external cavity, L,,= 22 cm, 18.6 cm, 17.2 cm for r32= 0.1, 0.3,

0.5 respectively. This consideration of the optimum length of the external cavity is

of critical importance in the design of ECSL.

When we consider the effect of the feedback bandwidth on the spectral linewidth,

it is convenient to obtain the effective reflectivity of the two diode facets. We can

write the effective reflectivity as

rl f = r2 + r1 (1 - r-)i exp(g'[) exp (J6) (10)
1- r1 r2 exp(g'I)exp(jb) (

where 6=4irln/Ai is a phase detuning, and g' = g - al with gain g and medium loss

al. From the threshold condition re • r3 = 1, we can obtain that

ax 2 + bx + c = 0,(11)

where a, b, and c are constants, and x = rlr 2 exp(g'1). The wavelength dependent r3

for the first grating order is given by1 ° )2
r3 (A) = roexp (kA - 27r)2, (12)

where ro is a constant, ki is the propagation constant for injection wavelength Ai,

N, 1f is the effective number of illuminated lines of the grating. By solving the

eqn. (11) for the threshold gain g, we obtain the output spectrum of the Fabry-

Perot resonator. Fig. 4 shows the output spectrum of the laser diode as a Fabry

-Perot resonator model. We can observe that the spectrum becomes narrower as
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The feedback bandwidth decreases. In this figure, we use Nef.z--t5,)O, 2500, 3500.

corresponding values of the FWHM bandwidth Atf are 136 GHz. S2 Gltz, and 58

CHz respectiveiv. If _,l.f is in the range 200 - 400 GHz. the dependence on the

ilnewidt, can be ignored. \Vhen we take the spontaneous emission into account. the

line shape of the output spectrum of the laser diode can be considered as a lorentzian.

When we formulated the effective reflectivity, we ignored the change of the po-

larizazion in the feedback field. However the reflectivity depends strongly on the

polarization of the field. It has been observed that the degree of polarization de-

creases with detuned feedback, while it increases with the tuned feedback." The

dependence of reflectivity on the input polar.zation to the diffraction grating is being

investigated.

In summary, we have shown that the linewidth of strong feedback ECSL is

strongly dependent on r 2, r2, L,, frequency detuning of the feedback and feedback

bandwidth. Also, control and direction of frequency detuning is important; otherwise

A/,., can increase drastically. I inewidth less than 10 kHz and having very small

fluctuations can be obtained with r2 ;O.5 % and high R 3 (>20 %). From the

minimum values of Av,, we can calculate the optimum length of external cavity.

Therefore we can design relatively short strong feedback ECSL (< 5cm) with good

stability.
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Figure Captions

Fig. I (a) Schematic of strong feedback ECSL.

(b) The minimum (limiting) linewidth in ECSL as a function of solitary

laser linewidth (tc-the intensity coupling coefficient is the parameter).

Fig. 2 (a) Linewidth variation as a function of r2 with r. as parameter (€=0,

Lez=10 cm).

(b) Linewidth dependence on r for various values of r2 (0=0, Le=10

cm).

Fig. 3 Linewidth dependence on the external cavity length with r3 as parameter

(0=0, r 2 =0.04).

Fig. 4 Output spectrum of the laser diode as a Fabry-Perot resonator; detuning

6 is defined as € = 360 x AA/ A. (AA: resonant frequence change from FP cavity

mode, 6A: the free spectral range.)
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Abstract

We have theoretically studied the tuning characteristics of strong feedback ex-

ternal cavity semiconductor lasers. It is shown that the gain change mechanism

induced by the strong optical feedback in the Fabry-Perot cavity is responsible for

spectral tuning in this structure. The Fabry-Perot resonator with an external cavity

can support wide detuning frequencies with varying threshold gain. The threshold

gain decreases as the diffraction grating is tuned toward longer wavelengths. The

resulting bistable region increases with higher optical feedback.
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INTRODUCTION: For coherent optical communication systems, semiconductor

lasers need to have fairly narrow linewidths. Linewidths typically in the tens of kHz

to tens of Mtiz ar, required for data rate in the hundreds of MHz range. Another

important requir,., feature in the coherent source is tunability, especially in the lo-

cal oscillator to seiecL the various channels transmitted simultaneously through the

single-mode fiber. To obtain these features, various types of external cavity semicon-

ductor lasers (ECSL) have been developed. Among the reported structures, strong

feedback ECSL, i.e., frequency selective feedback from a bulk diffraction grating, ap-

pears to be the most promising in terms of narrow linewidth and tunability'. The

wide tunability range which this structure can offer will ultimately turn out to be

the most important advantage we get from frequency multiplexed coherent lightwave

systems.

The important physical insights behind spectral tuning in strong feedback ECSL

can be explained in terms of self-injection locking. The gain change mechanism with

injection locking allows the lasing field to follow the injected feedback field by a

reduction in gain2 . As a result of gain reduction, the resonance frequency of the

Fabry-Perot (FP) cavity is shifted towards lower frequencies. In Reference [3], the

tuning mechanism in this structure was explained by the change in the refractive

index only. In this letter we show that the spectral tuning of a strong feedback

ECSL can be achieved by the gain change mechanism due to self-injection locking.

The configuration shown in Fig. 1 (a) will be considered in this paper. ri, r2

and r 3 are the amplitude reflectivities of the two diode facets and grating reflector

respectively. ni is the intensity coupling efficiency into the FP cavity from the ex-

ternal cavity. K 2 is the intensity coupling efficiency into the external cavity from

FP cavity, considering phase front distortion. n is the refractive index of the active

medium. E0 and Ei are the lasing field and injected feedback field respectively. A0

and Ai are the wavelengths of FP cavity and external cavity respectively. Fig. 1 (b)

shows the effective reflectivity re of FP facets wh .ch depends on phase detuning.

THEORY: We can write the effective reflecdvity r. in Fig. 1(b) as

r, (1 - r _ 2) 1 'iexp(g'l)exp(j6)
r1 = r2 + - rir 2 exp'g'l)exp(j6) ' (1)
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e =-4v.,, {A is a phase detuning, and g' = g - al with gain g and medium loss

o:. From the threshold co-aditon r r 3  1, we can show that

ax 2 -.- bX c = 0, (2)

where

z ri r 2 exp(g'l), a = r(p - r 2 )2 -1

b = (2r 2 r3(p- r) -i- 2)cos6, c = (r 2r) 2 -1

p = (1 - r2)v',Klc2/r 2 , r1 = CO + C1 cos 3,.

In the above expression Eo and el represent the coupling change due to Lez variation,

and & = 47rLz/Ai. The wavelength dependent r3 for the first grating order is given

by 4

r3 (A) =roexp - ( ) (kA - 2 7r) ), (3)

where ro is a constant, ki is the propagation constant for injection wavelength Ai,

Neff is the effective niumber of illuminated lines of the grating. The threshold gain

9th of the FP resonator can be obtained by

9th = al + In( X) (4)

I r1r2

The angular frequency shift Aw and gain change IAg in the FP resonator due to

optical feedback are given by 2

A = -W, (a cos 0 + sin 0), (5)

Ag = -1 - cos 4, (6)

where w, = &I fi with the free spectral range bv, a is the linewidth enhancement

factor, 0 is the phase change in the lasing field due to injected feedback field, and f

which may be written as

y'WI-K2(1 - r 2)r3

1+ rt2 r3

The phase difference AO between lasing field and injected field is given by5

si-' AW (
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For small A& we obtain from equations (5) and (7)

A? 4 -(a cos p-- sin 6).(
2 7r

The constant phase Vo in the lasing field (neglecting phase noise) varies due to

resonant frequency shift and gain change as shown in equations (5) and (6). Thus,

the phase V) in the FP resonator can be written as

0 = 00o + AO + 47d an N ( g - Ax g ) '  (9)Ai an agr

where N is the carrier density. We assumed an/mN to be -0.7x 10-20 from Reference

[61, and ag/oN to be 10"6 from the linear gain relation (g = a'N + b'). We note

that Ag is negative due to the fact that On/8N is negative and Ako is proportional

to Ag. The small variation in Ag will cause a change in the refractive index which

will be given by

n = no + Ag, (10)
ag

where, no is the refractive index in FP cavity without optical feedoack.

So far we considered only one FP cavity mode. The overall tuning behavior

through the whole spectral gain range can be obtained with the same procedure

shown above. The difference will be in the peak gains of the FP modes, which can

be written as

9,, = - . m2) •- (a'N + Y'), (11)

where d is a constant and m is a mode number (0, ±1, ±2, .-

RESULTS AND DISCUSSIONS: Fig. 2 shows threshold gain in the FP cavity as

a function of the phase detuning with r0 as a parameter. The solitary FP cavity allows

those frequencies satisfying the condition of standing waves to oscillate. However,

if we provide an external cavity with strong optical feedback, the FP cavity can

allow detuned wavelengths to oscillate. We can observe that the higher the feedback,

the wider is the frequency detuning allowed in the FP resonator. For example, the

active medium of the FP resonator can support up to ± 400, ± 560, and ± 700 of

detuning for ro=0.1, 0.2, and 0.3 respectively; where detuning angle, 'kd is defined

as Od = 360 x AA/6b, where AA is the resonant frequency change from FP cavity
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no,le, and 6A is the free spectral range. Also, we can observe that the larger the

,detunng, the higher is the gain required to achicve the oscillation.

Fig. 3 shows the threshold gain as a function of the phase detuning in degrees

,with AA, the resonant frequency shift of FP resonator, as parameter. The curve

in this figure shows the threshold gain with r" = 0.03, r = 0.1 similar to Fig.

2. The straight lines are obtained from equations (9) and (10). Since self-injection

locking is possible within the range of 0 = 0' to -90' after Ref. [2], the linear

variation shifted as AA increases as shown in Fig. 3. The threshold gain, at the

point where the curve and the straight line meet, becomes smaller as AA increases.

Therefore, when the diffraction grating is tuned to longer wavelengths, the output

power increases. This fact has been well observed experimentally in refs. [3] and [7].

When the tuning occurs towards shorter wavelengths, the output power experiences

bistable operation. The bistable output is shown in the inset. We observe that the

bistable region increases with the optical feedback. Thus, the tuning direction of

the diffraction grating is important for proper frequency tuning. We note that small

change of the constant phase 0 in eqn. (9) causes the shift in the straight lines.

Also, we can show that the continuous tuning range between the FP modes increases

with the value 3 in eqn. (6).

CONCLUSION: We present a theoretical analysis of the spectral tuning char-

acteristics of ECSL with strong feedback. The gain change mechanism in the active

medium of the FP resonator is responsible for the spectral tuning of this structure.

We have shown that the threshold gain decreases as the diffraction grating is tuned

towards longer wavelengths and the bistable region increases with higher optical feed-

back. It is suggested that an AR coating with small r2 (< 1 %) and high optical

feedback (r3 > 20 %) are required for a wider continous tuning range and stable

operation.
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Figure Captions

F*g. I (a) Schematic of strong feedback ECSL.

(b) Effective reflectivity of FP resonator.

Fig. 2 Threshold gain of FP resonator with external cavity as a function of

detuning with r2 as parameter (r2=O.03, ci=0.2, t 2 --0.8, Neffl=16 0 0 , a=5).

Fig. 3 Threshold gain dependence on wavelength variation (r0'=0.1, the other

parameters are the same as in Fig. 2). Inset shows that the bistability depends on

the tuning direction of diffraction grating.
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